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ture and stress-rupture properties; hence, extensive property data were obtained
with aligned fiber material from bars, Nearly all measured longitudinal strength
properties of NiTaC are superior to the best conventionally cast superalloys,
including: ultimate tensile, creep-rupture, thermal fatigue, LCF and HCF, ¥
Because blace dovetails contained misaligned fiber regions, property data were
also obtained for this type of material. Preliminary blade life analysis was
performed for two J101 LPT uncooled eutectic blade designs, solid and hollow-
tip, and the results indicated both were satisfactory. Therefore, sixty over-
size solid blades were cast. In a more detailed analysis of the two blade
designs, both bare and coated, results indicated that the bare hollow-tip blade
design most closely approached blade life goals and that the dovetail was
satisfactory. The analysis also indicated that bare blades of either design
would be preferred for engine testing because of substantially higher HCF and
rupture life than blades coated with an available coating.’ Because of diffi-
culties and risk of low yield in machining a tip cavity for the hollow-tip blade
design, the solid blade design was selectedﬁ:;Bench tests generally confirmed
design analysis predictions and clearly demonstrated the superiority of the

bare blade in HCF, These tests also showed that rupture lives of simulated
airfoils were about twice those predicted from test bar data, possibly due to a
size effect. The adequacy of the blade dovetail in tension and LCF was proven
in a 5,000 cycle spin test of 12 blacdes to 100 percent rotor speed, without
failure., A comparison of blade life analysis predictions with bench and spin
test results clearly demonstrated the adequacy of the eutectic blade for engine
testing, Therefore, in an extension to this program, six uncooled NiTaC-13
blades together witli 76 cooled superalloy blades will bhe tested in a J101

engine early in 1977. This test is expected to demonstrate effectively the

high potential of the NiTaC eutectic system for meeting advanced turbine blade
requirements of future engines,
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SUMMARY

The overall program objective was the development of materials, design, and fabrication
technology required for the application of eutectic composites in turbine blades for aircraft
vngines. An MC carbide fiber reinforced eutectic alloy, NiTaC-13 and the low pressure
turbine blade of the J101 engine were selected to demonstrate the high potential of eutectics,
by producing an uncooled eutectic blade having a predicted life equal to that of the cooled
superalloy blade. Specific major objectives necessary to meet the overall objective
included:

e Application of advanced design and blade life analysis techniques
o Development of a process technique for casting eutectic blades close to final size

e Acquisition of engineering property data for use in design and life analysis of the
demonstration component

e Evaluation of eutectic blade performance in bench and spin tests
e System analysis to assess total payoffs of eutectics to the engine selected

e [Fabrication and assembly of a partial set of instrumented eutectic blades in a
rotor, suitable for engine test.

Of the six objectives above, significant progress was made toward the first two and the last
four were fully met.

A laboratory planar front solidification (PFS) process for casting NiTaC-13 was success-
fully scaled up to produce 1-5/8 inch diameter bars and J101 LPT blade airfoils having
equivalent microstructures and stress-rupture properties. The blade dovetails, however,
had misaligned fiber regions but analysis indicated that properties were satisfactory for
the test program. Sixty blades were cast with a 0.04 inch envelope to provide excess stock
for removal of surface defects and to avoid problems with dimensional factors.

During PFS, the alloying elements in NiTaC-13 segregate producing continuous changes in

chemistry and decreases in stress-rupture strength and density. Through judicious design
of the eutectic blade casting, segregation was held to a low level.
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Perturbations to the PFS facility during casting, including power and mechanical distur-
bances, can produce bands of misaligned carbide fibers extending across the entire cross
section of the castings. Because properties of bands were somewhat lower than those of
aligned fiber material, the casting equipment was successfully modified by virtually eliminate
band formation in the airfoils, and only blades with band-free airfoils were accepted for

test evaluation.

The process scale-up efforts of this program have confirmed the high potential of the

NiTaC eutectic alloy system for turbine blade applications. Nearly all measured longitudinal
strength properties of NiTaC-13 are superior to the best available conventionally cast
superalloys, including: ultimate tensile, creep-rupture, thermal fatigue, low cycle fatigue
(LCF), and high cycle fatigue (HCF). The yield strength of NiTaC-13 is somewhat below

the best superalloys up to about 1600°F, but is superior at higher temperatures. Transverse
strength properties are lower than longitudinal due to the anisotropic microstructure of
NiTaC-13, and this characteristic must be factored into blade design and life analysis.

Oxidation and hot corrosion tests showed that NiTaC-13 requires a coating. The Ni-20Cr-
10A1-1Y coating evaluated in this program did provide excellent oxidation protection, but
was deficient in severely corrosive environments. Even more important, however, was
the observation that the coating material/process reduced HCF strength substantially. An
improved coating for NiTaC alloys is required.

Blade life analysis predicted that a bare, hollow-tip blade design most closely approached
the program goal of equal predicted lives for the uncooled NiTaC-13 and the cooled super-
alloy J101 LPT blades. The analysis also indicated that the dovetail was satisfactory and
that the bare blade would be preferred over coated blades for engine testing because of
substantially higher HCF and rupture life.

A solid blade design was selected for bench tests because of difficulties and risk of low
yield in machining a tip cavity in the solid catings. Bench tests substantiated or exceeded
the analysis predictions. First, the HCF superiority of the bare over the coated blade was
clearly demonstrated. The adequacy of the blade dovetail in tension and LCF was demon-
strated first in pull tests, and then in a 5, 000-cycle spin test of 12 bare blades to 100
percent of maximum J101 rotor speed, without failure. Tests of simulated airfoils, how-
ever, showed that rupture life was about twice as high as predicted on the basis of test bar
rupture data, possibly due to a size effect. Thus, these bench test results indicated that
blade rupture lives may actually meet the program goal, but proof of this would require
extended engine testing.

Further life analysis showed that the bare solid blade was entirely satisfactory for testing
ina J101 engine. Therefore, in an extension to this program, six instrumented uncooled
NiTaC-13 blades together with 76 cooled superalloy blades will be tested early in 1977,

As a result of the significant progress toward all specific objectives, it is concluded that
the program has made substantial progress toward the overall program objective of
developing the materials, design and fabrication technology required for the application of
eutectic composites in turbine blade components of gas turbine engine.

Finally, the program has demonstrated the high potential of the NiTaC eutectic system for
ultimately meeting turbine blade requirements for advanced engines. Specific advantages
of NiTaC-13 over conventional superalloys have been demonstrated, and required improve-
ments of NiTaC alloys have been identified.
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1.0 INTRODUCTION

In the early 1970's several eutectic composite systems were identified that appeared to have
potential for application to aircraft engine turbine blade hardware. The potential benefits
offered by these materials may be realized in several ways. An increase of 150°F in metal
service temperature appeared to be attainable with some of the eutectic materials systems
identified. This can in turn be translated to a reduced amount of cooling air required and
or a higher turbine inlet temperature for improved engine performance. Alternatively, the
higher stress rupture properties would allow a higher design stress for a given part at the
same design temperature. Further, a direct materials substitution could be made, with

the design stresses and temperatures remaining the same, and the payoff could be realized
in terms of longer part life. 1n light of the potential offered by eutectic composites, the
identification of specific material systems which appeared to fulfill this potential, and the
fact that there currently were no conventional superalloy materials in being or in develop-
ment which could meet the requirements projected for future advanced engines, the advanced
development of eutectic composites for turbine engine blade applications was warranted.

Therefore, this program was established by the United States Air Force with the overall
objective of developing the materials, design and fabrication technology required for the
application of eutectic composites in turbine blade components of gas turbine engines. Prior
to initiation of this program by the Air Force, General Electric conducted an experimental
evaluation of critical properties of the most promising high temperature eutectic composite
systems available in 1972, in order to select the highest potential eutectic system for the
program. Eutectic alloys evaluated included MC (metallic carbide) fiber reinforced nickel-
and cobalt-base eutectics (NiTaC and CoTaC) and Ni3Cb lamella reinforced nickel-base
eutectics. It was concluded that the NiTaC system offered highest potential for meeting the
properties required of turbine blade materials for advanced engines and the eutectic alloy,
NiTaC-13 developed by General Electric, was selected for use in the program. This alloy
had a potential use temperature advantage of about 150°F over the best conventionally cast
turbine blade superalloys then available, in the component selected for evaluation in the
program,

The component selected for demonstration of the potential of NiTaC eutectic composites
was the low pressure turbine (LPT) rotor blade of the J1C1 engine. In the existing design
this unshrouded blade was air cooled. It was anticipated that the use of NiTaC-13 would
allow direct substitution of an uncooled blade design, which would effectively demonstrate
the potential for eutectics.
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Specific major objectives necessary to meet the overall program objective included:

i e Bl

e Application of advanced design techniques to establish the requirements to be met
by the eutectic blade.

)

e Development of a process technique for casting eutectic blades close to final size. 1
The process technique was to have the potential for high yield and fabrication of '
eutectic blades on a production basis.

o Acquisition of engineering data for use in the design of the demonstration component,
using eutectic material fabricated by the process to be used for final components.

e Evaluation of eutectic blade performance in both a bench test and a spin test
program.

e System analysis to identify all applications of the eutectic technology developed
to the engine selected and to assess the total payoff.

o Fabrication and assembly of a partial set of instrumented eutectic blades in an LPT
rotor, suitable for engine test.

The program was initiated with Howmet Corporation as a major subcontractor having §
responsibility for the development of a process for casting NiTaC-13 test bars and blades,

under the guidance of General Electric. Using proprietary mold materials, Howmet :
Corporation was to develop a mold system suitable for casting of NiTaC-13, and solidifica-
tion equipment required for the General Electric casting process. i

Early in the program it became apparent that mold materials under development by Howmet
Corporation were not meeting expectations. The molds reacted with molten NiTaC-13 and
removed substantial quantities of carbon, thereby reducing the amount available for the
formation of strengthening MC carbide fibers.

The Corporate Research & Development Center (CRD) of General Electric then performed
blade casting process development using a mold system demonstrated by CRD on Company
funded programs to have high potential for casting NiTaC-13, and the Materials and Process
Technology Laboratories (M&PTL) of General Electric performed test bar casting process
development. Upon successful completion of the process development phases of the program,
blades were produced for bench testing and engine evaluation.

This report covers all work performed in the program except system analysis and the
engine test. The system analysis work has been reported separately in a classified final
report. (1) The engine test, which will consist of approximately 30 hours of testing starting
in early 1977, and ensuing post-test analysis will be reported after the completion of that
work.
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2.0 NiTaC-13 CASTING PROCESS DEVELOPMENT

Small bars, 1/2 inch in diameter by 8 inches in length, were c~st for pre-program develop-
ment and preliminary evaluiition of NiTaC-13. Major challer.es of this program were to
scale up the small bar process to achieve a capability for siigle casting of 1-5/8 inch
diameter bars and J101 LPT blades with sufficiently high yields to provide the quantities
required for the program.

Primary goals for this phase of the work included:
e Test bars were to have aligned fiber sections about 4-1/2 inches long.

e Blades were to be cast as close to final dimensions as practicable and the finished
blades were to have aligned fibers throughout.

o . Test bar and blade acceptability criteria and inspection procedures were to be
established.

All of the above goals were met except that for blade microstructure. Although a fully
aligned fiber airfoil section was produced, portions of the platform/dovetail section con-
tained misaligned carbicz fibers; however, evaluation of critica! properties of material
containing carbide defect structures showed that the blade c.asting would meet the overall
program objective, and 60 blades were cast for evaluatio..

Blades were cast oversize, with at least a 0.04 inch envelope, to allow sufficient stock for
removing surface defects, to reduct formation of misaligned fibers in the dovetail section,
and to avoid problems with dimensional factors.

Details of the process development work are given in the sections that follow.

2.1 PLANAR FRONT SOLIDIFICATION

The achievement of an aligned carbide fiber composite microstructure and the accompanying
high strength of NiTaC-13 requires planar front solidification (PFS), which is a very
stringent type of directional solidification (DS). During solidification, the liquid/solid
interface must be planar on a microscopic scale. Otherwise the reinforcing phase will not
be fully aligned in the solidification direction and strength properties will generally be
degraded to some extent. PFS requires meeting the following processing conditions:



[S_I.i} 2[&“_] K* (1)
RJ Actual R J Critical

where GL - temperature gradient in the liquid metal at the liquid solid interface
R = solidification rate
K* = alloy constant

Equation (1) shows that only two factors, K* and Gp,, govern the casting rate. With the

selection of NiTaC-13 for this program, Gy, was the sole variable governing the maximum
rate for PFS of NiTaC-13.

An objective of this program was to cast test bars and blades at a minimum rate of 1/4
inch’hour. Pre-program measurements by Benz(2) had indicated that K* for NiTaC-13 was
about 1000°F hour/inch2; hence, a minimum Gy, of 250°F/inch would be required. Because
of the uncertainty in the value of K*, a goal for process development was to design a gradient
furnace capable of producing a Gy, of at least 300°F /inch.

The approach selected for the program was to cast test bars and blades singly. A
theoretical analysis by Benz(2) of factors affecting the maximum attainable Gy, in eutectic
solidification, showed the following for cylindrical geometry:

G (max) = e ) JC (2)

e

where C = 2Ki

2
/
K1 ro In (1 + t.1 rm)

- mold outside surface temperature
eutectic solidification temperature
thermal conductivity of the ceramic
thermal conductivity of the liquid eutectic
radius of the metal

mold thickness

In equation (2), the maximum Gp, attainable is shown to vary directly with Tg - T, which
approximately equals the metal superheat temperature. One method to increase Gp,, then,
is to increase Tg to levels approaching the temperature capability of the mold.




Analysis of factors in equation (3) shows that, after an alloy has been selected, methods
available to increase G, (max) include:

° Increase K.l

° Decrease r
m

° Decrease ti

Some improvement in Kj may be obtained by selection of the basic ceramic material, how-
ever, there are other more demanding requirements of molds and cores that may not permit
selection of the ceramic on the basis of Kj. The mold thickness, tj;, may be decreased but
strength considerations limit the allowable reduction. Finally, the minimum metal thick-
ness, ryy, is dictated by the blade design. Equation (3) implies that the thinner airfoil
section can be cast at a higher rate than the platform/dovetail region.

Equations (2) and (3) apply to an isothermal furnace, which is not achieved in practice
because heat is lost through the furnace bottom. Consequently, in gradient furnace
development, it would be necessary to emphasize methods for improving furnace bottom
insulation and increasing the thermal flux to the metal in the region slightly above the
furnace bottom in order to approach isothermal furnace conditions more closely.

Thus one challenge of process scale-up for this program was the development of high G
PFS furnace configurations. The second challenge was the development of a blade mol
that had sufficient strength and chemical compatibility to withstand the severe conditions
required for PFS of NiTaC-13.

2.2 NiTaC-13 PROCUREMENT

The first 300-pound heat was ordered from Special Metals Corporation. Sevaral problems
were encountered with this heat (DS 729), causing it to be scrapped. These included:
runout of 92 pounds of metal during the pouring operation and: the composition was out of
specification due to addition of Re powder late in the melting process which had not com-
pletely melted at the start of the pour. For expediency, a 200-pound heat was ordered
from and successfully produced by CRD. It was then decided to purchase the salvageable
scrap from SMC and have all subsequent heats produced by CRD.

During the course of the program, 1278 pounds of qualified NiTaC-13 were produced by
CRD in eight relatively large heats. In addition, about 45 pounds were produced by CRD
in small heats weighing two or ten pounds each.

2.2.1 Melting Procedures

Table 1 shows the chemistry specification for NiTaC-13, which is based on elemental
limits acceptable to melting vendors and is not based on detailed knowledge of effects of
alloy chemistry on NiTaC-13 properties. The carbon level specified for the first heat was
0.54 wt’ but, on the basis of work in the program, this was reduced to 0.48 wt' for
subsequent heats. Charge materials are also shown in Table 1.
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TABLE 1

NiTaC-13 CHEMISTRY SPECIFICATION AND CHARGE USED FOR

LARGE HEATS
Chemistry
Specification,
Element Wt. % Charge Material
Ni Balance INCO Grade 270
+

Co 3.3 © 0.2 INCO Electrolytic :
' Cr bt 0.3 Shield Alloy Corp. |
R W 3.1 : 0.3 High Purity Pressed & Sintered Bar

Re 6.2 * 0.3 Pressed & Sintered Pieces
[ A1 5.4 % 0.2 99.99% 1
»;‘ v 5.6 = 0.3 V-Al Master Alloy

Ta 8.1 % 0.3 NRC Double Vacuum Arc Melted Chips

c 0.48 3 0.04 National Carbon ECV Electrode

S&B 0.01 max (each) -

ir 0.05 max -

Fe 0.2 max =

Cb, Cu, Hf, 0.10 max 4

Mn, Si (each) - ]
Trace *Max., PPM Element
J Elements 1 Bi

3 T1l, Te
5 Ag ]

3 10 Pb
£ 15 Se
4 25 Sb, As, Ba, Br, Cd, Ca

Cs, Ce, C1, Er, Ga, Ge
Au, Ho, In, I, Ir, La
Li, Lu, Hg, Nd, Os, Pd
Pt, K, Pr, Rhy Rb, Ru
Sr, Th, Tm, Sn, U, Yb
Y, Zn

* Sum of all trace elements must be less than 400 ppm
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The melting procedure for the large heats depended on whether or not scrap NiTaC-13

from previous heats was part of the charge. For large virgin heats, all charge materials
in Table 1, except C, Al, and V were loaded into the melting crucible, which was Mg0 (low
boron) manufactured by Lava Crucible-Refractories Company. After an initial evacuation
of the cold charge, power from a 1920 cycle, 200 KW motor-generator set was turned on
and flowing hydrogen was admitted at a pressure of ftwo mm. After the charge melted, the
hydrogen was shut off and the heat was solidified in the crucible under vacuum to remove
hydrogen. The heat was then vacuum remelted, resolidified, and remelted again in vacuum
to further remove hydrogen. After the heat was molten and quiet in vacuum, static argon
at a pressure of one atmosphere was admitted to the chamber and the carbon was added.
When visual observations indicated that the carbon had dissolved, the aluminum and vanadium
additions were made. At this point, the heat was brought to a temperature of 2950° + 25°F
in about seven minutes and pouring was started. Each heat was poured into graphite split
molds about 36' long and 1.45" or 2" in diameter. The molds rested on copper chill blocks
that had been flame sprayed with zirconia. After cooling, ingot samples for heat qualifica-
tion tests were cut from the bottom of the first ingot, the top of the last ingot, and a section
from the appropriate ingot near the middle of the pour.

Large heats containing rejected NiTaC-13 as part of the charge presented the problem of
minimizing oxidation of the aluminum and vanadium. Therefore, these heats were melted
quickly and only once under static argon at a pressure of one atmosphere. Initially, partial
scrap heats of this type were made with late additions of C, Al and V. However, the
addition of carbon in the form of graphite rods was found to be unsatisfactory because the
rods became coated with dross and did not dissolve completely. The use of the Ni-C
eutectic alloy (2.2 wt % C) for the carbon addition in the initial charge overcame this
problem.

The melting practice for the ten-pound heats was the same as used for the large virgin
heats. For the two-pound heats, the Ni, Co, Cr, W, Re and Ta were first melted together
in a magnesia crucible under one atmosphere of argon. After the metal was molten, the C
was added and, after it had dissolved, V and Al were added. When the latter had dissolved,
the melt was heated to about 2730°F and poured into two 0.8'' diameter copper chill molds.
Hydrogen degassing was not used in the two-pound heats because the nickel and cobalt had
been previously hydrogen degassed.

2.2.2 Heat Qualification Tests

Two tests used to qualify the large NiTaC-13 heats were: complete chemical analysis, and
stress rupture tests of aligned fiber material produced by PFS of ingot samples. For the
decision on heat acceptability, emphasis was placed on the stress rupture test results,
because the effects of small deviations from the chemistry specification on material proper-
ties had not been determined. Qualification tests were not performed for the small heats.

2.2,2.1 Chemical Analysis - Chemical analysis for the major elements in NiTaC-13 was
performed on samples from the first and last ingots of each heat. Minor and trace element
analysis was performed either with samples from the same two ingots, or from only one
sample from the middle ingot.
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Chemical analysis for all major elements, except nickel and carbon, was performed by
X-ray fluorescence. For standards, four carbon-free alloy variations of NiTaC-13 listed
in Table 2, were melted and chill cast. These ingots were assumed to meet the target
chemistries and were used for calibration purposes throughout the program. In addition,
one NiTaC-13 sample from the fourth heat (V-384-C) was used as a reference and analyzed
along with samples from subsequent heats. The effect of surface preparation on analysis
results was explored, and it was found that most consistent results were obtained with
diamond polished samples. This technique was therefore used throughout.

Carbon analysis was performed by a standard gravimetric method employing apparatus
manufactured by Laboratory Equipment Corp., Model 5-7-100. Minor and trace element
analysis was performed by Accu-Lab Research, Inc., using a spark source mass spectrom-
eter.

2.2.2.2 Stress Rupture Tests and Metallographic Evaluation - For this qualification test,
samples from the first and last ingots of each heat were induction melted and chill cast
into 1’2 inch diameter split copper molds. The resulting bars were then PFS using pro-
cedures to be described in Section 2.3.1. For inspection purposes, a flat was ground the
full length of each PFS bar, polished, and examined microscopically. Bars not having at
least a 4-1/2 inch length of aligned fibers were PFS again. The sectioning plan for
acceptable bars, Figure 1, shows the location of bottom and top material for stress rupture
tests, and bottom, middle and top material for evaluation of microstructure. Stress
rupture test specimens were machined to have gage sections 0.65 + 0.01 inches long and
0.1075 + 0.0025 inches in diameter. These were tested in air at 1800 F/44 ksi. After
rupture, the final diameter at the fracture location was measured to determine

percent reduction in area and, when possible, the overall length was measured to determine
percent elongation. For the latter calculation, it was assumed that the total increase in
length occurred in the gage section,

Each metallographic sample was polished on a plane transverse to the growth direction and
examined for carbide fiber alignment. Cellular or dendritic-cellular carbide morphologies
are most easily detected in transverse sections.

2.2.3 Summary of Heats

All large heats produced by GE/CRD during the program are listed in Table 3, together
with the results of qualification tests and some pertinent information about each heat. The
two criteria established for heat acceptance were:

1. Stress rupture life of bottom material from each PFS bar must be 250 hours at
1800°F /44 ksi. This was the average life minus two standard deviations estimated
for NiTaC-13 on the basis of data obtained in 1972. This criterion applied only
to the bottom section of the PFS bar because it is stronger than the top section
due to segregation effects (Section 3.2), and it is most representative of airfoil
material.

2. Chemical analysis must be within the chemistry specification. Because the effects
of chemistry variations on properties had not been established, some small
deviations from the specification were allowed for heats that met the first
criterion listed above.
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TABLE 2

TARGET COMPOSITIONS OF CHEMISTRY CALIBRATION STANDARDS FOR

NiTaC-13
; Composition, Weight Percent
Element NiTaC-13 Std. 1 Std. 2 Std. 3 Std. 4

Ni 63.4 66 63 71 57
Co 3.3 3 6 1 8
Cr L.k I 6 2 8
W 3.1 3 2 5 1

‘ Re 6.2 6 9 4 5

‘ Al 5.4 5 7 3 9
v 5.6 5 3 8 )
Ta 8.1 8 b 6 10
c 0.48 = - - -

“
X

‘_
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Of the 12 heats made, Table 3, eight were accepted and four were rejected. Five of the
accepted heats (V-319-C, V-371-C, V-384C, V-385-C and V-435-B) met both acceptance
critevia. A discussion of decisions concerning the other seven heats now follows.

Heat V-363-C was accepted on the basis of excellent stress rupture test results for both
bottoms and tops of PFS bars. Failure to meet the chemistry specifications for Re, Al and
C was due to uncertainties in the composition of the rejected NiTaC-13 used as part of the
charge. An equal quantity of the same rejected heat of NiTaC-13 was used successfully in
the next heat, V-371-C, by correcting the charge on the basis of the chemical analysis of
V-363-C.

Heat V-400-C was accepted even though the stress rupture test result for ingot 1B was very
low. The only chemistry deviation occurred with tungsten and was small. The low stress
rupture test result, however, was a concern and additional testing was done using material
from ingot 4B, since no additional material was available from ingot 1B. Test results

at 1800°F/44 ksi were as follows:

PFS Bar PFS Bar

Bottom Top
Life, Hours 80.3 58.5
Reduction in Area, % 75.9 20.8

These excellent results, when combined with those in Table 3 for ingot 6T, indicated tha:
the PFS bar from ingot 1B of heat V-400-C may have been faulty and the decision was made
to accept this heat.

Heat V-423-C was also accepted on the basis of excellent stress rupture test results.
Three elements, Al, V, and C, were slightly below specification. Presumably the Al and
V losses were due to oxidation during melting of the heat because 188.7 pounds of the 215-
pound charge was from the rejected heat V-416-C. Because of the possible problem with
the carbon level, analysis was performed for all ingots from heat V-423-C with the follow-
ing results:

Ingot 1B 2B 3B 4B 5B 6B 6T
wt %C .47 0.49 0.51 0.47 0.50 .49 .45
These results showed that the heat met the carbon specification and it was accepted.

The first two heats to be rejected, V-390-C and V-391-C, were melted together as one
heat. Approximately half of this heat, V-390-C, was poured into six 1.45 inch diameter
graphite molds and the remainder was solidified in the crucible. After removal of the first
set of ingots, the remaining portion of the heat was remelted and poured into the same six
molds and was designated heat V-391-C. The data in Table 3 show that the two heats failed
to meet the stress rupture acceptance criterion, presumably due to the high vanadium
contents. After searching the heat records and chemically analyzing the V-Al alloy charge
material, it was concluded that an untraceable weighing error was responsible for the high
vanadium content.




Heat V-401-C was rejected because of carbon variability. All ingots of this heat were
analyzed for carbon with the following results:

Ingot 1B 1T 2B 3B 4B 5B 6B 6T
wt oC .38 .38 .37 .41 .39 .48 .48 .51

As shown, the first four ingots were below specification. A check of the heat history and
crucible residue revealed that the carbon rod additive became entrapped in dross and did
not fully dissolve.

Heat V-416-C was also rejected because carbon was below specification, once again due to
entrapment of the carbon rod addition. At this point, it was decided to use the Ni-C
eutectic alloy for adding carbon whenever the charge contained a large amount of previously
melted NiTaC-13. This method was successfully demonstrated with heat V-423-C.

It is significant to note that all rejected heats were corrected through remelting and yielded
material with excellent stress rupture properties.

2.3 SMALL BAR SOLIDIFICATION STUDIES

Liquid metal temperature measurements made prior to this program showed that, under
standardized conditions established for a PFS facility for producing 1/2 inch diameter bars
with well-aligned carbide fibers, the maximum metal superheat temperature (T, ,x) was
about 3100°F and the temperature gradient at the liquid/solid interface (G1.) was about
600°F/in. Thereafter, this facility was used with only simple controls. Most notably,
power input to the furnace was controlled instead of furnace temperature, and well-aligned
NiTaC-13 bars were produced repetitively at a withdrawal rate of 1/4 inch/hour.

When problems were encountered early in this program, studies were undertaken in the
small bar facility to provide information important to the most pressing scale-up problems,
including:

e The significant decrease in stress rupture strength from bottom to top of 1/2
inch diameter PFS bars made for heat qualification tests, and

e The lack of success by Howmet Corp. in efforts to produce a large bar with well-
aligned fibers.

These studies were aimed at obtaining improved understanding of the effects of major PFS
parameters on the chemistry, rupture strength, and microstructure of bars.
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2.3.1 PFS Facility and Operational Procedures

The furnace, illustrated schematically in Figure 2, had a gradient wound molybdenum wire
resistance heater and water cooled side and bottom chills. Power to the furnace was con-
trolled manually by means of a voltmeter and Variac. Cooling water flow rates through
the chills were controlled manually by means of valves and flow meters. Withdrawal was
accomplished with a screw mechanism driven by a variable speed motor. Two furnaces,
having a common withdrawal system were located within one controlled atmosphere tank
for PFS of two bars simultaneously.

8 For all experiments, a premelted and chill cast NiTaC-13 bar was placed in an 8 inch long
4 recrystallized alumina crucible, having a 3/4 inch outer diameter and a nominal 1/8 inch

thick wall and bottom. After lcading the charge into the cold furnace, the tank was closed,
flowing argon was admitted, cooling water circulation was set, and power to the furnace
was turned on at a low setting. During heatup, power was gradually increased until it
reached the selected level. After making the final power setting, the charge was held for

8 from 30 to 60 minutes after which withdrawal at a selected rate was initiated. When with-

" drawal was completed, power was turned off and the bar was allowed to cool before removal
from the tank.

A typical PFS NiTaC-13 bar, illustrated previously in Figure 1, also shows the usual
microstructural features and cutup plan for evaluation samples.

2.3.2 Liquid Metal Superheat Temperature Study

This study was undertaken to evaluate material produced at different levels of Ty,5«. The
results were qualitative because furnace power was the controlled variable and T35 was
not measured.

Using procedures described in the preceding section, four runs at 1/4 inch per hour were
made at different power settings with NiTaC-13 from the following sources:

1B-2: Heat V-319-C Ingot 1B
6T-2: Heat V-319-C Ingot 6T
H-179A & B: 600-gram heat made at M&PTL

Samples from the bottom, middle and top of the 4-1/2 inch long aligned fiber sections were
chemically analyzed by methods described in Section 2.2. The results for each element,
presented in Figure 3, showed the following variations from bottom to top of the aligned
fiber section:

e Cr, V, and Al concentrations increased.

e W, Re, and C concentrations decreased.
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° Ta concentration decreased to a minimum and then increased.

] Co concentration remained constant.

For all elements except carbon, the scatter in results acound the curves drawn was small
and there was no apparent effect of furnace power (Ty;qx) on compositional gradients. The
results for carbon, however, indicate that Tipnax was a prominent factor in that the reduction
in carbon during solidification increased with increasing furnace power. The strong
possibility existed that carbon was reacting with contaminants in the furnace atmosphere
and/or the alumina crucible to form gaseous products, thereby reducing the carbon content
of th» melt. It was concluded that the lowest power level used, 1285 watts, produced the
best results.

Stress rupture test specimens having a 0.10 inch gage diameter were machined from top

and bottom halves of the 4-1/2 inch long alirzed sections from the four bars. Results of

air tests at 1800°F/44 ksi are shown in Figure 4 as a function of carbon content, which was
estimated on the basis of the fracture location in each specimen and the data in Figure 3.

In Figure 4, the dashed line drawn through the data points indicated a strong effect of carbon
concentration on rupture life. Associated variations in concentrations of the other alloying
elements, Figure 3, may also have contributed to the nbserved reduction in rupture strength
that occurred in the soliwtication direction, but experiments to evaluaie this possibility
were ccnsidered beyond the scope of this program.

On the basis of the results obtained in this study, it was concluded that 1285 watts should

be the upper limit for power to the furnace configuration being used. Higher power levels
produced a less uniform bar with respect to carbon content and rupture life. The possibility
existed that power levels below 1285 watts would result in even lower carbon gradients and
more uniform rupture properties in PFS bars.

2.3.3 Solidification Rate Study

Early attempis to produce large, well-aligned fiber bars were unsuccessfvl. Because Gy,
was lower in the large bar facility ( <300°F/inch) than in the 1/2 inch diameiwr bar facility
(~600°F/inch), a lower solidification rate would be expected to improve fiber alignment
This study was undertaken to evaluate material produced at a withdrawal rate lower than
the 1/4 inch/hour normally used.

For evaluation, two 1,2 inch diameter, 8 inch long bars of NiTaC-12 from ingot 3T of heat
V-319-C were PFS using a furnace power level of 1255 watts. Bars 3T-1 and 3T-2 were
withdrawn at 1/8 and 1/4 inch/hour, respectively. Carbon concentration profiles are com-
pared in Figure 5 with previous results for bars made from this heat. It can be seen that
the carbon profile for 3T-2 was above those for bars 1B-2 and 6T-2 made with a higher
average power level of 1435 watts, but at the same withdrawal rate. The data for 3T-1
indicated that the 1/8 inch/hour withdrawal rate resulted in a slightly steeper carbon
gradient.
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To characterize the two bars further, fiber population densities were determined metallo- !
graphically with transverse samples from the bottom, middle and top of each. Stress
rupture tests were also performed at 1800 F/44 ksi in air. These results are shown 4
graphically in Figure 6 as a function of carbon concentration, which was estimated on the
basis of sample location or fracture surface and the appropriate curve in Figure 5.

In Figure 6A, it is shown that the fiber population density was very much higher in material
withdrawn at 1/4 inch/hour. Both curves in Figure 6A flatten with decreasing carbon con-
centration indicating that the fiber population densities reached a limiting value during
solidification. Microscopically, it was observed in both bars that bottom material had a
mixture of carbide fibers and blades, whereas top material had only carbide fibers,
possibly finer than those in bottom material. These observations indicate that average
fiber sizes also decreased with decreasing carbon corcentration.

The stress rupture test results in Figure 6B indicated a strong effect of withdrawal rate,
particularly in bottom material. The metallographic results indicate that the higher
rupture life of 1/4 inch/hour material was due to the smaller fiber size and interfiber
spacing, both of which are inverscly related to fiber population density.

It was concluded that a withdrawal rate of at least 1/4 inch per hour would be required to
meet the program strength goals. This in turn, led to the conclusion that furnace config-
urations resulting in higher Gy, had to be developed for the test bar process.

2.3.4 Liquid Metal Temperature Gradient Studies

These experiments were undertaken to verify pre-program measurements of Tyyax and G,
cited previously and to evaluate changes in these parameters during withdrawal.

For the measurements, NiTaC-13 was melted as described in Section 2.3.1 and the furnace
heater power level was maintained at 1260 watts. With the crucible held stationary at a
measured position, a thermocouple probe was inserted into the melt until it contacted the
liquid/solid interface. The probe consisted of an iridium/iridium-40 rhodium thermocouple
bead inside an alumina protection tube that was sealed at the end with plasma sprayed
alumina. This distance between the end of the probe and the thermocouple bead was about
1/4 inch. After measuring temperature with the probe in contact with the liquid/solid
interface, the probe was raised a measured amount, held for about one minute to stabilize,
and temperature was measured. This procedure was repeated until the probe tip was near
the top of the melt. The crucible was then withdrawn to a new measured position and the
temperature profile was measured again.

Figure 7 illustrates a typical temperature profile. In this case, the crucible bottom was
1/16 inch above the furnace bottom. As shown in the figure, Gy, was about 580°F per inch
at a position about 1/4 inch from the liquid/solid interface. Extrapolation of the curve to
the solidus temperature (slightly below 2500°F) would yield a much higher Gi,; however,
there were too many uncertainties in the measurements to justify this extrapolation
procedure. Finally, in Figure 7 it is shown that the liquid/solid interface was about 0.45
inch above the furnace bottom.
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The results of all measurements are presented in Figure 8. Average curves have been
drawn through the data points which indicate that, during three inches of withdrawal:

e Gy, was approximately ccnstant at 600°F/inch.

e i

e T increased from about 3275° to 3380°F.
max

e The position of the liquid/solid interface remained stationary at about one inch
above the furnace bottom.

These results confirmed pre-contract measured values of Gy,, but showed that T ax was
about 180° to 280°F higher than the earlier value. The newer measurements also indicated
that G1, was stable during the first 3 inches of withdrawal.

A very interesting result was the position of the liquid/solid interface. Prior GE/M&PTL
experience had shown that better carbide fiber alignment was achieved when a ceramic in-
sulator was placed between the NiTaC-13 bar and the bottom chill. This was accomplished
by using a crucible instead of an open-ended tube. The new results showed that the inter-
face remained one inch above the furnace bottom and, therefore, that the ratio of heat input
to heat withdrawal was too low. Because of this interface position, heat from the furnace is
transferred to the solidified portion of the bar, thereby reducing Gy,. As discussed by
Benz (2), the rate at which high temperature eutectic alloys can be PFS is directly related
to GL which in turn is limited by the rate of heat input. Fur a given furnace corfiguration,
G1, can be maximized by balancing the heat input/heat withdrawal ratio so that the liquid/
golid inte rface izal fle lurmaee BoHom . Medsuremsnl of the iolerfare posilicn is an ofeebive
and relatively simple method to determine under what conditions the ratio is optimized.

On the basis of these results, it was concluded that Tyax in the 1/2 inch diameter bar
facility operuting at 1260 watts, was probably higher than was practicable for blude casting
because of the larger size furnace required and mold temperature capability limitations.
However, the acecmpanying Gy, of about 800°F fin. wag higher thon required fur PFS of
NiTaC-13 at 1/4 inch/hour, so it was considered likely that satisfactory aligned fiber
material could be produced at a significantly lower Tmax.

2.4 SEGREGATION IN NiTaC-13

Preliminary studies of PFS NiTaC-13 bars, Section 2.3,2, showed that there were com-
positional gradients and a general trend of decreasing stress rupture strength from bottom
to top. These studies also showed an increase in carbon gradient with increasing furnace
power level, indicating that chemical reaction may play some role in the phenomena ob-
served. To gain further insight into the segregation phenomenon and its effects, additional
studies were conducted by CR&D.\9) KResults wiil be reviewed here.

2.4.1 Theoretical Considerations

A major feature of NiTaC and most other eutectic alloys of practical interest for high
temperature structural applications is a large freezing range and a low allowable solidifica-
ti-~ rate, R, to achieve a fully aligned microstructure.
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The freezing range associated with eutectics affects the composition profile in the liquid
ahead of the solid/liquid interface, and for each alloying element there can be a defined
distribution coefficient, k, which is the ratio of the solid composition to the composition
of the liquid from which it is freezing.

For the case of solidification in which the composition of the solid is the same as the com-
position of the liquid far from the interface, there must be a rcgion in the liquid adjacent

to the solid/liquid interface where the composition varies from the bulk average to accomo-
date the distribution coefficients. This effect was treated analytically for single phase
growth by Tiller et al (4) and their result is equally applicable to eutectic solidification.
The composition profile in the liquid ahead of the solid/liquid intersface is given by:

1-k X =R
CL=CO [ A exyp ( D) X:\ (4)

where Cp, is the composition of the liquid; Cq is the composition of the solid and of the
liquid far from the interface; D is the diffusion coefficient in the liquid; and X is the distance
from the solid/liquid interface. In equation (4) the only extrinsic parameter is R, and it
has a strong effect on the length of the zone of liquid in which there are composition
gradients. This point is illustrated in Figure 9, which shows composition-distance curves
as a function of R, calculated using equation (4) and the following assumed values for
constants: Cq = 2 atomic percent, k = 1.3, and D - 5x10-3 mm2/sec. As shown in the
figure, the composition profile in the liquid would extend about 10 mm ahead of the inter-
face for a value of R equal to 6.35 mm/hr (1/4 in/hr). However, these composition pro-
files cannot be maintained due to their large size, convective stirring, density inversions
and, in many cases, the electro-magnetic stirring from the furnace heating source. There-
fore, equation (4) is not applicable to eutectics that require low values of R for phase align-
ment.

The reduction or elimination of composition profiles due to liquid motion causes a gradual
change in solid composition as a function of the amount of liquid solidified. This phenom-
enon has been described by Pfann (5) for single phase alloys where the composition varia-
tions within a solidified body are given:

) (k-1)

C-=kC, (1-g (5)

where: C is the composition of the solid at a selected point; k is a distribution coefficient;
Co is the initial bulk average composition; and g is the volume fraction solidified to the
selected point. The amount of stirring in the liquid and thus the amount of segregation
determines the value of k which can vary from the equilibrium value in the most extreme
case, to a value close to 1 when there is no mixing in the liquid. The moxt extreme case,
perfect mixing in the liquid,is what is to he expected for the solidification conditions re-
quired for eutectics such as NiTaC-13.




. W~

2,2

av]
p—

1.9

CL, ATOMIC PERCENT
-
®
———

1.7
C, =2 k=1,3 D=5 x 1073 ym2/SEC

1.6

1.5
{ 1.4
. 0 2 4 6 8 10 12
1
" X = DISTANCE IN LIQUID FROM SOLID/LIQUID INTERFACE, MM

Figure 9, Effect of Solidification Rate, R, on Calculated Composition

Profile in Liquid, Cj




2.4.2 Measurements of Segregation

For a more detailed =tudy of segregation, three 8 inch long NiTaC-13 bars were PFS in
7’8 inch diameter recrystallized alumina crucibles at a rate of 1/4 inch/hour. The furnace
heater was a graphite susceptor heated by RF induction. To study effects due to metal-mold
reaction, bars were solidified at the following three levels of T,54: DS 1340 at 2930°F,

DS 1354 at 3120°F and DS 1395 at 3300°F. After solidification, the bars were sectioned at
several locations for chemical analysis and material was obtained from the bottom and top
of each bar for stress-rupture tests to be discussed later in Section 2.4.4. Chemical
analysis for carbon was performed by combustion and for all other elements, by X-ray
fluorescence. The latter utilized an intensity versus composition correlation developed
from eight alloy standards which contained different combinations of all elements in NiTaC-
13, except carbon.

Table 4 presents the chemical analysis data in atomic percent and the associated values of
gh (volume fraction solidified), which were calculated on the basis of the total volume of
molten alloy present prior to the start of withdrawal.

The carbon profilec for the three bars are presented in Figure 10 where it is shown that

the bars solidified with T};,5y of 2930° and 3120°F had equivalent profiles. In contrast,

there was a slight decrease in the profile of bar DS 1395 made with a Tax of 3300°F.

Since metal-mold reactions are thermally activated processes, it was concluded that there
was little or no reaction at the two lower temperatures, while there was reaction at 3300°F.
Therefore, the observed gradients in carbon for bars DS 1340 and DS 1354 must be attributed
to segregation phenomena. The variations in concentrations of all other major alloying
elements are presented in Figure 11, using the data of Table 4. Curves had been drawn in
Figure 11 to suggest the segregation trends for all elements, except Al where there was a
large amount of scatter. A comparison of the results in Figure 11 with preliminary results

in Figure 3, shows similar trends in gradients for all elements with the following excep-
tions:

o Results in Figure 11 indicate V content decreased as solidification proceeded, but
previous results showed the opposite.

Results in Figure 11 indicate Cu content decreased as solidification proceeded, but
previous results showed no change.

After an evaluation of the analysis techniques, it was concluded that the previous analysis
results for Al and V were more reliable.

The major variations in composition with gy, were typified by the data for Re and Cr. As
shown in Figure 12, the data for these two elements from Table 4 can be fitted to equation
(5) using k equal to 1.3 for Re and 0.78 for Cr.

Chemical segregation in a blade casting, LB86, was also evaluated and found to be equiva-
lent to that found in bars. The resulting curves for Re and Cr, presented in Figure 13,
are similar in shape to those illustrated previously tor bar data.




TABLE &

CHEMICAL ANALYSIS OF PFS NiTaC-13 BARS SOLIDIFIED FROM
THREE DIFFERENT SUPERHEAT TEMPLERATURES

Bar Atom Percent

No. TmaX,oF gy Ni Co Cr Al ¥ Re v Ta ¢

DS 1340 2930 .18 { 65,0 4.1 3.8 11.4 1.2 2,5 7.8 2.0 2.15
43 ] 66.2 4.1 4.4 12,5 1.1 2.2 6.4 1.8 1.46
63 { 66.5 4.2 4.6 12,2 1.0 2.1 6.0 2.0 1.29
87| 66.4 3.6 5.9 12,4 1.0 1.7 5.7 2.3 0.95
%6 | 65,7 2.3 8.3 12.8 1.0 1.0 5.5 2.9 0.56

DS 1354 3120 .19 | 65.7 3.5 4.5 12.2 1.1 2.3 6.7 2.0 2.12
.39 | 66.8 3.6 4.7 12.2 1.0 2.2 6.0 2.0 1.54
.63 | 67.0 2.7 5.6 12,7 1.1 1.8 5.9 9 1.23
.82 | 67.6 3.5 6.0 11.8 0.9 1.7 5.2 2, 1.01
.93 | 67.2 3.0 6.9 11.8 1.0 1.4 5.3 2.6 .85
.97 | 66,5 2.2 8.5 11.7 1.0 1.1 5.5 2.7 .63

DS 1395 3300 .17 | 64.6 3.4 2.9 13,0 1.3 2.4 7.8 1.0 2.72
.35 | 66.5 3.9 3.5 12.2 42 2.8 =8 1.54
.48 | 66.8 3.7 6.1 11.7 0.9 2.0 5.4 2.0 1.29
.60 | 67.0 3.4 5.8 12,0 1.0 2.1 5.9 8 1.00
.78 | 66.8 2.6 4.9 13,0 1.3 1.7 7.0 0.79
.89 | 67.1 3.1 7.4 10.9 1.0 1.5 5.6 .4 1l.10
.92 | 67.4 2.9 X 10.7 0.8 1.1 4.7 2.8 0.55
.97 | 65.8 2.3 11.8 1.0 1.1 6.2 .9 0.50
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2.4.3 Segregation in Carbide-Free NiTaC-13 Matrix

The average matrix composition of NiTaC-13 was estimated by subtracting the composition
Ta, 75 V.25 C from the NiTaC-13 composition with the following result, in atom percent:
Ni-3.53C0-5.34Cr-12.62A1-1.06W-2.10Re-6.30V-0.93Ta. For this evaluation, bar DS
1414 of the matrix composition was solidified at 1/4 inch/hour and sections at various g,
locations were chemically analyzed. From inspection of the data presented in Table 5, it
can be seen that the same type of segregation observed in NiTaC-13 occured in the matrix
alloy; however, the Ta segregation curve in the matrix alloy changed to a form similar

to that shown for Cr in Figure 12,

TABLE 5

CHEMICAL ANALYSIS OF NiTaC-13 MATRIX ALLOY AFTER PFS

Atom Percent

& M Co Cr Al W Re V Ta
1 68.2 4.4 3.6 12.0 1.3 2.8 7.3 0.5
.20 69.1 3.5 4.4 11.7 1.3 2.6 6.9 0.6
.39 68.3 4.6 4,1 11.7 1.1 2.5 6.9 0.6
.58 68.4 4.5 5.5 11.7 1.1 2.2 5.8 0.8
ey 68.17 3.2 5.6 12.2 1.3 1.7 6.3 1.0
.87 68.7 3.6 7.9 11.3 1.0 1.4 4.7 1.4
91 69.0 3.2 8.0 10.8 1.0 1.1 5.0 1.9
.95 69.2 2.7 9.1 11.0 0.9 0.8 4.1 2.2

A further comparison of NiTaC-13 with the matrix alloy was made by subtracting the
composition Ta 75V _95C from the previous chemical analysis data for NiTaC-13 in Table
4. The results for Re and Cr, shown as graphs of composition versus g}, in Figures 14 and
15, respectively, are in good agreement with the corresponding data for the PFS matrix
alloy and with the theoretical curves for normal freezing, also shown in the figures. On
the basis of these results, it was concluded that segregation in NiTaC-13 was closely
related to segregation in the matrix. The conclusion that gy, the volume fraction solidified,
is the parameter governing segregation was further supported by the fact that the matrix
bar, DS 1414, was only 4 inches long whereas the NiTaC-13 data used to estimate matrix
composition were obtained from an 8-inch long bar.

2.4.4 Effect of Segregation on Stress-Rupture Strength

Previous work described in Section 2.3, showed that segregation from bottom of top of bars
was accompanied by a reduction in 1800°F rupture strength., To evaluate this effect in
more detail, tests were performed with NiTaC-13 from several 7/8 inch diameter bars,
3.5 inches or 8 inches long. Specimens were machined from bottoms and tops of the

bars to have gage section centers at g¢ values of 0.15 and 0.67, respectively. In this case
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volume fraction solidified (g¢) was calculated on the basis of the volume of liquid metal
present at the start of aligned fiber growth (top of sort-out zone). Stress rupture tests
were performed in air at temperatures ranging from 1600° to 2000°F and stresses ranging
from 80 to 10 ksi. The specimens had a nominal 0.375 inch gage length and a 0.100 inch
gage diameter.

The stress rupture data are given in Table 6. Separate regression analyses were performed
with the data for bottom and top specimens, resulting in the following equations:

PFS Bar No. of

Location 5t Tests Equation

Bottom 0.15 12 Pp = 57.25 - 0.2130S + 8.259 x 10-432 (6)
Top 0.70 14 PT = 57.22 - 0.27225 + 1.423 x 10'3S2 (M

where P = Larson-Miller Parameter x 10'3 with a constant of 20,
T in °R, and t in hours

S = stress in ksi

The data from Table 6 are presented in Figure 16 together with curves calculated with
equations (6) and (7). The regression analyses gave good fits to a Gaussian distribution
and yielded + 3 o deviations of + 0.49 for equation (6) and + 0.53 for equation (7). A
scatter band of + 3¢ for a Gaussian distribution includes 99.7% of all data points.
These equations apply only for short time air tests in the stress range of 10 to 80 ksi.

The segregation effect was evaluated further as part of a separate General Electric program
in which rupture specimens were machined from a 1-1/2 inch diameter NiTaC-13 bar,

DS 1632, to have g; values in the center of the gage section ranging from 0.1 to 0.7 in

steps of 0.1, Sets of specimens were tested at 1600°F/74 ksi in air and at 2000°F/20 ksi in

argon to avoid complications that could be caused by oxidation. The test results, presented
in Figure 17, show a strong dependence of ruptur: life on gy. The fractional loss in life

due to an increase in gt from 0.1 to 0.7 was greater at 2000° than at 1600°F, possibly due

to a larger contribution of fiber strengthening to the total strength at 2000°F.

2.4.5 Minimization of Segregation

On the basis of the various studies just discussed, the reason for segregation (chemistry
gradients) in TiTaC-13 is considered well understood: it is due to normal freezing of an
alloy that has a freezing range, and segregation cannot be eliminated. However, considera-
tion of equation (5) showed that segregation can be minimized in castings by operating in
the regime of low gy, values. This is a practical approach because, as illustrated in
Figures 12 and 13, severe segregation occurs only at very high values of gp, above 0.7 and
0.8. Hence, in order to minimize segregation in a casting such as the J101 LPT blade,

it is necessary to maximize the ratio of liquid to solid metal present when the casting is
completed. This requires the presence of a molten metal reservoir above the casting.

The reservoir, however, need not be PFS: it can be quickly frozen and will not add to the
total PFS casting time, but will add to scrap.
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TABLE 6

STRESS-RUPTURE DATA FOR BOTTOM AND TOP MATERI AL FROM
PI'S NiTaC-13 BARS

Bar Spec. Stress, Tgmp., Life,

No. No. Ksi r Hrs.

BOTTOM SPECIMENS, g4 0.15

1284 1007 Lk 1800 774
1284 1008 Lk 1800 92.0
1340 1027 19 1950 137.0
1340 1028 77 1600 169.3
1354 1038 13 2000 146.0
1354 1039 Xo] 1800 133.1
1354 1040 78 1600 178.8
1284 1052 12.5 2000 184.7
1284 1053 75 1600 124.8
1395 1074 13.5 2000 164.3
1395 1075 78 1600 165.8
14h9 1097 Ll 1800 78.0

TOP_SPECIMENS, g¢ = 0.67

1284 1009 Ll 1800 20.6
1288 1019 17.5 1950 96.5
1288 1021 52.5 1700 47.6
1288 1022 75 1600 56.5
1340 1029 19 1950 68.0
1340 1030 it 1600 43.0
1354 1041 10.5 2000 132.2
1354 1042 34 1800 53.8
1354 1043 68 1600 115.5
1284 1054 10.5 2000 168.6
1395 1076 10.5 2000 136.0
1395 1077 68 1600 93.9
1449 1098 Ll 1800 20.8
1450 1100 Ll 1800 17.0
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L9 47
49,64
53.35
45.79
54,52
50.00
45,84
54.78
45,52
54.65
45.77
49,48

48.17
52.98
46,82
4L .81
52.62
Lk, 56
5h.42
49,11
45.45
54.68
5h.45
45,26
48,18
47.98
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To aid in maximizing the size of the liquid metal reservoir in a furnace of fixed height, it
is very desirable to reduce the amount of metal at the bottom of the casting that must he
discarded because it does not contain aligned fibers for the following reasons:

1) In the case of in situ melling, some alloy at the bottom of the erucible or mold
does not melt. In the case of pouring liquid metal into a hot mold, some of the
alloy is chill cast. In both cases the solid alloy present before mold withdrawal
commences must be discarded.

2)  Prior to withdrawal and after withdrawal is initiated, nonfibrous MC carbides
are precipilated as the chemistry of NiTaC-13 self adjusts to the proper eutectic
composition. This region containing precipitated hypereutectic carbide is the
sort-out zone. After this adjustment in composition is completed, aligned fiber
growth begins. The sort-out zone must also be discarded.

The basic methods for reducing the amount of unmelted alloy or chill cast metal, include
raising the initial position of the mold or crucible bottom with respect to the furnace hottom
and increasing the ratio of the heat input rate to the heat withdrawal rate.

The method for reducing the amount of alloy wasted due to sort-out is to modify the alloy
composition to the average of that which exists in liquid NiTaC-13 when fiber growth begins.
Development of a NiTaC-13 modification was undertaken in a separate internally funded

GE program. The modified alloy, NiTaC-13F, did eliminate the sort-out zone and was
considered for use in the program. However, this change was not incorporated because
there was insufficient time in the schedule to permit an adequate evaluation of the modified
alloy properties to make certain that there would be no risk to the program. This general
approach to optimization of NiTaC alloy compositions i sound and should be incorporated
into future development of improved alloys.

2.5 TEST BAR CASTING DEVELOPMENT

To reduce the total time needed to cast the NiTaC-13 required for data acquisition, it was
decided to scale-up the small bar process to one capable of producing 1-5/8 inch diameter
bars. This large bar also represented a hack up position because J101 LPT blades could
be machined from them in the event that blade casting process development was unsuccess-
ful.

The goals established for the test bars included:
e Fully aligned carbide fiber section 24-1/2 inches long

e Life of 250 hours in stress-rupture tests at 1800°F/44 KSI in air of material
from the hottom half of aligned fiber sections.

A further requirement of the bar process was that it must be similar to the blade process
so that material from the two processes would be equivalent in microstructure and rupture
strength. These equivalencies would add confidence to the assumption that property data
obtained with bar material was applicable to blade castings.
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2.5.1 Test Bar Casting Facilities

During the course of the program, three General Electric PFS facilities, designated B, M
and 3B were used. Facilities B and M were similar and consisted of a controlled atmo-
sphere chamber, a molybdenum-wound resistance heated furnace, a water chill system,
and a screw drive withdrawal mechanism. The furnace and chill system are illustrated
in Figure 18. In both facilities, bars were cast individually.

Facility 3B was larger and capable of casting three bars simultancously through the use of
three furnaces similar to those used in B and M, and a common screw driven withdrawal
mechanism.

2.5.2 Preliminary Test Bar Furnace Configuration Development

At the start of the program, Facility B was available for preliminary experiments while
modifications to it were in progress and Facility 3B was being designed. The objective

of the experiments was to identify approximate PFS parameters required for scale-up to
1-5/8 inch diameter bars. In subsequent work the process parameters were to be refined.

2.5.2.1 Experimental Approach - Different furnace configurations were designed, con-
structed and evaluated by means of casting trials in Facility B in which the three major
PFS parameters, Tmax, G, and R, were varied. Features of the furnace in Figure 18
that were varied to comprise a furnace configuration included: heater design, furnace
bottom insulation and radiation shield, furnace side insulation, furnace top insulation, and
furnace lid. The bottom and side chills were never changed. Casting trials were made
using 1-1/2 to 1-5/8 inch diameter recrystallized alumina crucibles (with bottoms) and
NiTaC-13 or NiTaC-7. The latter was selected for some of this work because it is
similar to NiTaC-13 but substantially lower in cost because it does not contain rhenium.
Attempts were made in most runs to measure Tjj)3x and G1,. After the casting runs, bars
were evaluated for microstructure and density and, in the later stages of this preliminary
work, for stress-rupture properties.

2.5.2.2 Series 1 Casting Runs - The first of two series of trial casting runs involved 19
runs in five furnace configurations, A through E, inclusive. Details of these configurations
are presented in Table 7 and details of the furnace heater designs using 0.04 inch diameter
molybdenum wire are shown in Figure 19,

Several types of power supplies and controls to be described briefly later were used for the
furnace heaters. During casting runs, water flow rates were held constant at 15 and 5
gals/hr for the side and bottom chills, respectively. These flow rates were sufficient to
maintain cooling water temperatures below 90°F,

For each run, the alloy charge was loaded into the crucible and raised into the cold furnace.
The tank was then closed and flowing argon was circulated through it. Next, the furnace
was brought to temperature and the alloy was melted in situ. After this and prior to with-
drawal, the axial temperature profile of the liquid metal was measured by means of an
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immersion thermocouple (Ir/Ir-40Rh) probe. The closest approach of the thermocouple
bead to the liquid/solid interface was about 1/16 inch, which was the average thickness of
the plasma sprayed alumina layer used to protect the thermocouple tip. Following tempera-
ture measurements, the intent in every run was to withdraw the crucible at 1/4 inch/hour,
which is the rate normally used to obtain the aligned carbide fiber microstructure in both
NiTaC-7 and NiTaC-13. Many runs were not completed, due to problems encountered with
various furnace configurations and crucible breakage.

Additional details of the first set of runs, presented in Table 8, show that withdrawal was
successfully completed in eight of the 19 runs. Temperature profiles for these eight runs
are shown in Figure 20, and are compared with results shown previously, Figure 7, for
the 1/2 inch diameter facility at a power level of 1260 watts. For each curve, only the
measurement point closest to the liquid/solid interface is shown. The results in Figure 20
and Table 8 showed that, in all large diameter bar runs, Tp,5x and Gy, were substantially
lower than in the 1/2 inch diameter bar facility. The results will be discussed further
according to furnace configuration.

(1) Furnace Configuration A - As shown in Table 8 for Run 1, G, was only slightly
above the estimated minimum value of 250°F/in. required for PFS of NiTaC-13
at 1/4 inch/hour, but the microstructure was poor. Other reasons assigned to
the poor result included:

o Poor quality of the NiTaC-13 used in the first six runs.

o Inadequate control of power and temperature. These runs were made before
installation of control thermocouples; hence, power disturbances or changes
would not be corrected.

o Possible mechanical disturbances to equipment or crucible during withdrawal.

(2) Furnace Configuration B - Only Run 2 was completed with this configuration. A
much higher Gy, was achieved with the same furnace heater used in Run 1, but
the result was poor and attributed to the same causes assigned to Run 1, except
Gp,.

(3) Furnace Configuration C - No runs were successfully completed with this configura-
tion due to problems with the power supplies.

(4) Furnace Configuration D - The main features of this configuration included: first,
the use of a fiber cloth insulation, Type WRP-H manufactured by Refractory
Products Co., and; second, improvements in the power supply noted in Table 8.
The new type of insulation was extremely efficient, permitting the attainment of
high temperatures at relatively low power levels.
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A total of six runs were successfully completed with this furnace configuration.
Run 13, made with NiTaC-7 was very successful in that a well aligned micro-
structure free of misaligned fiber bands was obtained. Bands will be discussed

in detail in Section 2.6. Run 14 with NiTaC-T7, purposely made at a lower gradient,
resulted in a poor microstructure.

Subsequent runs were all made with NiTaC-13 at progressively increasing power
input levels with accompaning increases in Ty, and Gy. Runs 16 and 17 produced
acceptable fibers, but there were numerous misaligned fiber bands.

Investigations into the cause of bands indicated that they could have been caused by
mechanical disturbances such as movements of the crucible. Therefore, in Run 19
steps were taken to prevent movement of the crucible. Also, the power input was
further increased to increase Tiyax and Gy,. As shown in Figure 20, the temper-
ature profile was nearly equivalent to Run 2. However, the bar produced in Run
19 contained about a five-inch length of well aligned fibers and was completely

free of bands.

As a result of the first series of runs, a furnace configuration and approximate PFS
process parameters were identified for producing large diameter bars with aligned fibers.
Although G, was substantially lower than that achieved in the 1/2 inch diameter bar
facility, it was adequate for PFS of NiTaC-13 at 1/4 inch/hour and at a substantially lower
Tmax'
2.5.2.3 Series 2 Casting Runs - The objectives of this series of runs in Facility B were to
evaluate configuration E and a new F configuration in detail, and to select a final configura-
tion for process refinement work. As shown in Table 7, configuration F differed from E
only in the heater design illustrated in Figure 19.

Fourteen runs were made using procedures similar to those used in Series 1, with the
following exceptions: First, the withdrawal rate for two runs was 3/8 instead of 1/4
inch/hour, and; second, liquid metal temperature profiles were measured after 4 inches
of withdrawal in several runs. The results of the runs are presented in Table 9 where it
can be seen that only seven runs were completed. Reasons for incompleted runs included:
crucible breakage, heater failure, or crucible sticking to the heater tube or radiation
shield.

By referring to Table 8 and 9, it can be seen that one excellent bar (Run 19) was produced
with configuration E and two excellent bars (Runs 39 and 49), with configuration F. Inall
three runs, the length of aligned fibers was at least 4-1/4 inches. It was also noted that
banding continued to be a problem and was assumed due to small clearances between the

crucible and furnace bottom insulation that caused rubbing, crucible vibration, and band
formation.
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To evaluate the stability of T35 and G, during withdrawal, temperature profiles were
measured in Runs 38 and 39 before the start of withdrawal and after crucible had been
withdrawn 4 inches. The results were similar in the two runs, and those for Run 38 are
presented in Figure 21. As shown, T,,3x decreased by about 100°F during the 4-inch
withdrawal, but there was only a small decrease in Gj,. Two reasons for the decrease in
Tmax were: first, the silicon controlled rectifiers (SCR) were operating on thermocouple
control, but the power band width was set too low to meet the power demands and; second,
the heat input/heat withdrawal ratio was decreased by the decreasing volunie of liquid
metal during withdrawal. As can be determined from data in Figure 21, a 10 percent
increase in total power to the furnace heater restored the temperature profile and G, to
the original level.

In subsequent runs, the SCR power band widths were progressively increased. Results of
temperature profile measurements at different withdrawal positions in Run 46 are presented
in Table 10. These results show that, although T3x decreased by about 120°F during 7
inches of withdrawal, both G, and the position of the liquid/solid interface remained
essentially constant. These results were similar to those described for the 1/2 inch
diameter bar facility in Section 2.3.4.

As a final consideration in the selection of the furnace configuration, data from Tables 8 and
9 are shown in Figure 22 as a graph of Tyax versus Gy,. The dotted line suggests that
there was a strong direct relationship, in agreement with theory discussed in Section 2.1.
Most points fall within + 20 percent of the line drawn. Through study of the data points, it
was concluded that the furnace configurations evaluated played a minor role and that the
most important parameter was Tp5¢. The data in Figure 22 further indicated that the
desired minimum Gy, of 300°F/inch could be achieved with a Ty ,5 of about 3000°F.

After reviewing all results, furnace configuration F was selected for process refinement
work for the following reasons:

1) Essentially perfect PFS bars were produced with configurations E and F.

2) The heater life with configuration F was about double that with configuration E.

3) The use of two-zone heaters offered more flexibility in shaping temperature
profiles than the single-zone gradient wound heater, H-1, that was used in con-

figurations A, B and C. The attainable temperature profile with the H-1 type
heater is largely fixed by the design.

4) The WRP-H insulation used in configurations E and F offered two substantial
advantages over the Kao-Lite insulation: first, the furnace construction was
simpler and; second, the WRP-H was a more efficient insulation and allowed
the attainment of high temperatures with greatly reduced power requirements
over the Kao-Lite insulation.
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TABLE 10

EFFECT OF CRUCIBLE POSITION ON PFS CONDITIONS DURING RUN 46

+Height of

] Liquid/Solid Max.
*Crucible Power Input, Watts - Interface Metal
Position, Bottom Top Above: Furnace Tgmp. , L,
Inches Zone Zone Total Bottom, Inc. F °F /In.
0.38 485 385 870 0.76 3020 310
3.9 465 485 950 9.75 2955 335
5.8 485 530 1015 9.5 2895 300
7.0 520 485 1005 0.76 2900 360

*Distance crucible bottom was below furnace bottom

+Not corrected for thermal expansion of thermocouple probe. Corrections would
decrease the height of interface.
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2.5.3 Test Bar Process Refinement

The objectives of this work were:

e  Further develop the PFS process parameters with furnace configuration F to
product 1-5/8 inch diameter bars having an aligned fiber section about 4-1/2
inches long.

° Establish the maximum casting rate.

The experimental approach was to cast 18 bars using three different withdrawal rates and
six different power levels. Tax of the test bar process was to be limited to 3100°F, which
was the approximate temperature linitation of the General Electric mold being used for
J101 LPT blade casting in the program.

2.5.3.1 Use of Metal Powders to Reduce Crucible Breakage - In all runs, the charge was
melted in-situ in recrystallized alumina crucibles. During the first several runs, there
was an unusually high incidence of crucible failures that caused metal run out and premature
termination of runs. Inspection of cracked crucibles and corresponding bars suggested
that liquid metal from the first region of the charge to melt ran down into the approximately
0.1 inch gap between crucible and charge near the bottom, quickly solidified and then,

as heating continued, expanded and cracked the crucible near the bottom. A solution to

the problem, based on the suggested failure mechanism, involved placing metal powder in
the crucible bottom and in the gap between charge and crucible to prevent run down of
molten metal. Use of this technique proved to be effective in that only one crucible failure
occurred thereafter, but this was due to an inadequate height of metal powder in the gap.
Experience indicated that the radial gap should be filled to a height of about 1/8 to 1/4 inch.

Nickel and tungsten powders were uced succe.sfully. Nickel was selected first as the
element that would cause the minimum change in alloy chemistry, if it melted. About 100
grams of nickel powder were used per run, and measurements of powder remaining after
several runs indicated that the maximum amount that could have been dissolved by the
molten NiTaC-13 was 3U grams. This small amount would have caused less thdan a two
percent reduction in the amount of each alloying element in NiTaC-13, which was within
analytical error and was much less than the chemistry specification range for each element.

t Tungsten powder was also used because it has a much higher melting point and density than
‘ NiTaC-13. For these reasons the amount dissolved by the melt, if any, should be much
lower than for nickel powders; however, dissolution of a small amount would put the
molten alloy above the chemistry specification for tungsten.

;: No evidence of unmelted Ni or W powder particles was observed metallographically in any

E of the bars. To check for powder dissolution, X-ray emission chemical analysis was
performed at the bottom of the aligned fiber section from two bars, B70 and B73. The
aralysis results are evmpared in Table 11 with eorrespunding results for 1,2 ineh dameter
bars from Figure 3. Analyses of bar B70 (Ni powder) and bar B73 (W powder) were in
excellent agreement, indicating no effect of either powder on composition. Small bar
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TABLE 11

CHEMICAL ANALYSIS OF NiTaC-13 BARS AT BOTTOM OF ALIGNED FIBER SECTION

PFS Bar Composition, Weight Percent

Bar Diam., Type

No. In. Powder Co Cr_ WiLS Re Al V_ Ta
H-179A 1/2 -- 3.3 3.9 3.4 7.1 5.5 5.4 6.5
11-179B 1/2 -- 3.3 3.8 3.6 7.9 5.3 5.3 6.9
1B-2 1/2 -- 3.4 4,0 3.5 7.7 5.3 5.6 6.8
6T-2 1/2 -- 3.4 4,1 3.4 7.5 5.4 5.5 6.2
Average 1/2 -- 3.35 3.95 3.48 1.7 5.38 5.45 6.6
70 1-5/8 Ni 3.3 4.0 3.6 8.0 4.8 5.3 6.5

13 1-5/8 w 3.3 4.1 3.6 8.0 4.8 5.4 6 1




results for Re were slightly lower and those jor Al were significantly higher than large bar
results. These differences may have been due to changes made in analysis techniques
subsequent to the time the small bars were analyzed, and did not affect the conclusion that,
at most, o.ly insignificant amounts of the Ni or W packing powders were dissolved by
molten NiTaC-13.

2.5.3.2 Experimental Results - More details of the 18 runs are presented in Table 12.

The cutup plan for obtaining evaluation samples from each bar is illustrated in Figure 23.
Evaluation of microstructure and stress-rupture properties of the 18 bars will be discussed
in the sections that follow. The results of density measurements are discussed in

Section 3.2.9.

Meltallography - During examination of the 18 bars, several distinct types of carbide
morphology were found: dendrites, fibers, cells, and dentritic cells. Carbide fibers
present in the bottom, middle and top sections of Bar B70 are shown in Figure 24. From
inspection of this figure, it can be seen that there were both rod and blade fibers in all
three sections, and that the fiber population density decreased from bottom to top. Three
other types of carbide morphology, present in Bar 72, are illustrated in Figure 25. The
bottom section in Figure 25 contained cells and a type of dendrite found only near the sort-
out zone. The cells had aligned fibers in the centers, but misaligned fibers at the perim-
eters. The dendrites had a characteristic cross shape, and were a continuation of coarser
dendrites from the sort-out zone that eventually gave way to one of the other types of
carbide morphology. In the middle and top sections, illustrated in Figure 25, it is shown
that the aligned carbide fiber centers of the cells were progressively smaller and dendritic
cellular carbide areas between the cell centers were progressively larger. Longitudinal
views of dendrites and cells present in the bottom section of Bar B37 are shown in Figure
26. View A shows a transition region between an aligned fiber section and a band consisting
of cells and dendrites. The latter have a characteristic diagonal arm. A scanning electron
microscope (SEM) view in Figure 26B of the perimeter of a cell shows that there were
carbide blades from which fibers grew perpendicular to the solidification direction. Figure
26C is a SEM view illustrating a carbide dendrite with many closely spaced arms having
plate morphology.

Dendritic cells present in the top section of Bar B72, are shown in Figure 27. In this case,
there were very few aligned fibers in the cell centers. The dendrites consist of a lattice-
like structure of carbide fibers and plates.

The carbide morphology classifications just described were assigned to the 18 bars, and
the results have been summarized in Table 12. As shown, five of the bars had aligned
fibers over a 4-1/2 inch length, but one of these (B67) had two bands;hence, four of the 18
bars met the microstructural goal completely.

The microstructural results for the 18 bars withdrawn at three different rates are compared
in Table 13. At 1/4 inch/hour a substantial length of fully aligned fibers was produced
under all PFS conditions used. Fibers were also produced at the 5/16 inch/hour withdrawal
rate, but the aligned fiber section length was less than the 4-1/2 inch goal. In contrast,
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TABLE 13
LENGTHS OF ALIGNED FIBER SECTIONS IN TEST BARS CAST DURING
PROCESS REFINEMENT

Aligned Bar Numbers
Fiber Withdrawal Rate, In/Hr

Length, In. 1/4 5/16 3/8

> 4-1/2 64, 67, 70, 73, 19 - .

< 4-1/2
> 2-1/4 63, 83 68, 71 =

< 2-1/4
>1/4 --- 71, 84 ---

0 _ 62, 65 46, 66, 69, 72, 18
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g A%

fully aligned fibers were not produced under any PFS conditions used at the 3/8 inch/hour
withdrawal rate. Since G, values up to 400 F/inch were used for all three withdrawal
rates, these results indicate that the critical Gy, /R ratio for NiTaC-13 exceeds 1060 but 3
is less than 1280°F hr/in2. This is only slightly higher than the value of 1000°F hr/in2 |
estimated in an early stage of process development%z).

Longitudinal Stress-Rupture Properties

Results of stress-rupture tests conducted at 1800"F/44 ksi in air are summarized in Table
14 which shows rupture lives, Larson-Miller parameter numbers, percent elongation and
percent reduction in area. Also shown are microstructural classifications based on
metallographic examination of longitudinal sections of all specimens at the fracture surface.
The rupture life data from Table 14 are presented in Figure 28 according to withdrawal
rate, location in bar (bottom or top), and microstructure. For comparison, preliminary
average data for 1/2 inch diameter bars are shown as a horizontal line. The -20 and -3¢
lines were estimated on the basis of conventional superalloy behavior.

Important observations from Figure 28 are:

1) Best rupture strengths for both bottom and top sections were obtained with
fibrous material grown at 1/4 inch/hour.

2) Rupture strength was significantly reduced with increasing withdrawal rate,
presumably due to increasing fiber misalignment. The effect was somewhat
greater for top sections.

3) The results indicated the possibility of meeting the 50-hour minimum rupture life

requirement in both bottom and top sections by using a withdrawal rate of 1/4
inch/hour.

On the basis cf the foregoing results and observations, it was concluded that the 1/4 inch/

hour withdraw:l rate offered the highest potential for meeting the program goals throughout
test bar production.

2.5.4 Selection of Final Test Bar Process

The best balances in rupture strengths of top and bottom sections of material cast at 1/4
inch/hour were obtained with bars B70 and B73. As shown in Table 12, the estimated
Tmax for both was 3100°F, and estimated Gy, for both was 400°F /inch. Although the blade
process development work had not been completed, there were sufficient results to indicate
that the final blade PFS parameters would be close to those just cited for bars B70 and B73.

Hence, the final test bar process was established on the basis of the two test bars as
follows:

1) Cut and clean, by spot grinding and grit blasting, about 10-1/2 inch lengths

(about 5.2 pounds) of 1-1/2 inch diameter remelt ingot.
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Place about 30 grams of tungsten powder in the bottom of a recrystallized alumina
c¢rucible. Load the charge into the center of the crucible. Pour about 70 grams of
tungsten powder around the charge and level with a wire tool.

Load the crucible into the furnace, utilizing configuration F, Table 7. Center the
crucible and make certain it does not rub the furnace sidewall or radiation shield.
Adiust height of bottom chill to starting position.

Replace tank cover, purge with argon, and bring to temperature over a period of
3 to 4 hours, using manual power control and flowing argon.

Manually adjust the total power level to about 1080 watts supplying about 625 watts
to the bottom zone and about 455 watts to the top zone. The objective is to achieve
a liquid metal temperature gradient of approximately 375° to 400°F/inch, and a
maximum liquid temperature of about 3100°F. After power stabilizes, begin auto-
matic temperature control and withdrawal at 1/4 inch/hour.

Periodically, verify PFS conditions by measuring the liquid metal temperature
profile prior to the initiation of withdrawal in selected runs.

During each run monitor current, voltage, and control thermocouple temperature
for both heater zones.

Shut furnace off automatically at the completion of withdrawal.
irind flats the length of each bar, polish, and examine metallographically. Sub-

mit for NDE those bars indicated to have aligned fibers without bands over a 4-1/2
inch length.

2.6 FIBER DEFECT STRUCTURES

Aligned fiter NiTaC-13 can be grown at a withdrawal rate of 1/4 inch/hour when G, exceeds
about 300°F/in. However, even under these conditions, three types of carbide defect
structures have been observed and classified as follows:

Typel - a zone of aligned fibers with size and spacing different fro:n the fibers in

adjacent material

Type II - a zone of cells or dendritic-cells within aligned fiber material. Both of
these have been termed '"bands' and differ only in degree of fiber mis-
alignment

Type III - a zone of fibers much thicker than those in adjacent material. This defect

is termed an "arrest line'.

All of these defect structures occupy zones of variable length in the solidification direction
and extend across the entire cross section of the casting perpendiular to the growth direc-

tion.
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2.6.1 Mechanisms of Carbide Defect Structure Formation

Proposed mechanisms for formation of Type I and II defects are based on the previously
cited criterion for PFS:
/ - K*

G/R) pctuar 2 OL/R) criticar =K (1)
The value of (GL/R) Critical is a material parameter which remains constant for a non-
segregating alloy. For segregating alloys such as NiTaC-13, it can be expected that the
valve of (G1,/R) Cpitical Will not be a constant, but will change as solidification (and
segreation) proceeds. For the discussion that follows, a non-segregating carbide eutectic
alloy will first be considered.

Models for the formation of Type I and II defect structures are illustrated schematically

in Figure 29, which shows several perturbations that could occur in the actual G1,/R during
solidification. Also shown in Figure 29 is (GL/R) Critica] Pelow which cellular and
dendritic-cellular growth of MC carbides occurs. In Case A of Figure 29, the pertubation
in G1,/R does not fall below the critical. If the perturbation is due solely to an increase in
R, a decrease in fiber size and spacing will occur and result in the Type 1 band shown. If
the perturbation is due solely to a change in G1,, no microstructural change will result(6),

In Case B of Figure 29, the perturbation causes the actual G1,/R to fall below the minimum
and produces a Type II band which in NiTaC-13 is generally a mixture of cells and dendritic
cells. In Case B the perturbation could be due to changes in Gy, R or both. A change in
G1, causes the position of the liquid-solid interface to change and thus produces a change in
R.

The perturbations that lead to the two types of bands just discussed could be caused by
mechanical or thermal fluctuations. During work on this program, it has been demonstrated
experimentally that Type II bands can be caused to form either by electric power distur-
bances that affect the heat input rate, or by mechanical disturbances such as irregular
movement of the mold or crucible during withdrawal, or by mechanical shocks delivered

to the equipment.

The models in Figure 29 may be too simple to explain observed Type II bands that are
relatively long, 0.1 inch or more. At a solidification rate of 1/4 inch/hour, the interface
would be expected to advance about 0.0042 inches/minute. For a 0.1-inch long band, the
perturbation would have to exist for about 25 minutes by the models proposed. It is
possible that there is a hysteresis effect that causes a delay in restoration of aligned fiber
growth after subsidence of a perturbation that initiated band formation. Because of a
hysterisis effect, then, a short perturbation could cause a relatively long band.

1 Another possible reason for band formation is a significant change in (GL/R) Critica] that

i may occur during solidification of a segregating alloy, such as NiTaC-13. Changes in
composition of the molten alloy could reduce the amount that the actual G1,/R exceeds the

. critical value. Segregation could alse occur discontinuously as solute ""dumping" of one or

E: more elements, and could result in Type II bands. For example, chemical analysis of
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one or more lements, and could result in Type II bands. For example, chemical analysis |
of one dendritic cellular band indicated a significantly higher chromium concentration over
that in the adjacent aligned fibrous region, 6.7 versus 5.3 weight percent, respectively.
The concentration of other elements were within typical values for the alloy and it is not
evident whether the high chromium was the cause or the effect of the band.

bt et

In an experiment to assess causes of Type II bands, three 3/8 inch diameter NiTaC-13 bars
were 1’FS simultaneously at 1/4 inch/hour in a single furnace using a common withdrawal
syster1. After the bars were polished and etched, many bands were observed at positions
common to the three bars, as illustrated in Figure 30. The most likely cause of these
bands was a perturbation in one or more process parameters. If the bands were due to
inherent instabilities in NiTaC-13 eutectic growth, it is expected that they would have
occurred more randomly and not in the same positions in all ingots.

Type II defects, arrest lines, have been rarely observed. They were however, success-
fully produced in a controlled experiment in which the furnace power was abruptly changed
by 2 to 12 percent every 2 or 3 hours. For increases in furnace power of 2 to 6 percent,
arrest lines were produced such as the one illustrated in Figure 31. In another experiment,
instantaneous changes in withdrawal rate were made, including stopping of the drive motor,
but these changes failed to produce arrest lines.

A proposed mechanism for arrest line formation during sudden furnace power (and

temperature) increases is that the interface velocity slows toward zero, perhaps even

melting back some of the solidified bar. During this event, as the velocity approaches or
passes through zero, the fibers thicken and merge. i

The three models for formation of fiber defect structures discussed here are relatively
independent of whether the sources of perturbations to G and/or R are mechanical, elec-
trical/thermal, or chemical. One method to reduce the defects, which is also independent
of the cause, is to maximize the amount that the actual G1,/R is above (GL/R) Critical.
This should be done through increased Gy, rather than decreased R since, as illustrated
previously in Figure 6, decreases in R result in material with coarser fibers and lower
stress-rupture strength. A second method is to reduce the magnitude of fluctuations in
G1,/R by adeguate control of mechanical, electrical/thermal, or chemical {actors.

2.6.2 Longitudinal Propr rties

During the course of test bar and blade process development, it appeared likely that carbide 1
defect structures could not be completely eliminated. Therefore, work was undertaken to l"
evaluate effects of some of the defect structures on longitudinal (growth direction) mechanical
properties. In this section, results of the following longitudinal property tests of material
from NiTaC-12 bars will be discussed: stress-rupture, tensile, low cycle fatigue (LCF)

and high cycle fatigue (HCF). The defect structures evaluated included completely cellular
or dendritic cellular material, and aligned fiber material containing Type II cellular bands.
Arrest line defects were not tested because of their rarity and observed very low ductility.
Rejection of any blade casting containing arrest lines was considered mandatory. The test
results showed that carbide defect structures cause some reduction in almost all of the
measured properties.
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Figure 30, Photographs of Three NiTaC-13 Bars Solidified Simultaneously.
All Bars Had Prominent Bands Located at 48, 72.5, and 81 mm
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Figure 31, Type III Carbide Defect Structure, Arrest Line, in PFS NiTaC-13

72




Z}

In addition to the results presented here, other property measurements of carbide defect
structures were made near the culminationof{ test bar and blade process development.

These results are presented in Sections 2.5.3.2 and 2.7.5.2, repsectively.

2.6.2.1 Stress-Rupture - To evaluate the effect of bands, a 7/8 inch diameter NiTaC-13
bar (DS 1288) that was grown at 1/4 inch/hour and had a 0.03 inch long Type II dendritic
cellular band near the bottom, was machined to yield four test specimens with this planar
The specimens were stress rupture tested in air over a range

of temperatures from 1600° to 1950°F. The results are presented in Table 15 and, for
comparison, are plotted in Figure 32 against the + 3¢ scatter band calculated with equation

band in the gage section.

(6) given previously in Section 2.4.4.

LONGITUDINAL STRESS RUPTURE DATA FROM BANDED NiTaC-13

Test
Temp.,
°F

1950
1850
1700
1600

The data in Figure 32 indicate that the band caused in small reduction in rupture strength,
because the data points fall very close to the -30 curve.

TABLE 15

(Bar DS 1288 All tests in air)

Stress,
_ksi
17.5
30

52.5
75

band is 0.5 Larson-Miller parameter numbers.

Hrs. to
Eailure

147.38
127.17
123.63
136.99

therefore, that the dendritic-cellular band had no effect.

A second observation concerning the test results of the same four banded samples is that
no failures occurred in the transition regions where fiber morphology changed from fibers
Transition zones are, therefore, not unusually weak in rupture

to cells or cells to fibers.
tests.

To evaluate fully dendritic cellular material, bar DS 1666 (7/8 inch diameter) was grown
at 1/2 inch/hour and bar DS 1765 (1-1/2 inch diameter) was grown at 1 inch/hour. During
growth of DS 1666, the crucible was rocked several times and this produced sharp bands
of exaggerated dendritic cellular material. Otherwise, microstructures of both bars
were classified as dendritic cellular. Photomicrographs of DS 1765 are shown in Figure
34. Results of stress rupture tests performed with bottom material from both bars, and
top material from DS 1666 are presented in Table 16. The results for bottom and top
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tor

C=20

53.43
51.06
47.72
45.60

The maximum loss due to the
However, metallographic observations
of the samples after test indicate that the band may not have caused any reduction in
rupture strength. Examination of the samples tested at 1950° and 1850°F showed that the
fracture occurred within the band, but those tested at 1700° and 1600°F failed outside of
the band. Photomicrographs to illustrate this point are presented in Figure 33. Because
the band was not a source of weakness for two test conditions and the four points fell on a
smooth curve parallel to those in Figure 32, there is the possibility that this particular
bar may have had stress-rupture properties at the low end of the + 3¢ scatter band and,
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specimens from DS 1666 are also compared in Figure 35 to best fit average curves for
aligned fiber NiTaC-13 from equations (6) and (7), Section 2.4.4. This comparison
indicates little or no degradation due to the dendritic cellular microstructure.

Results for bottom material from all three bars, DS-1288, 1666, and 1765 are compared

in Figure 36 with the + 30 scatter band (also used in Figure 32) for aligned fiber NiTaC-13.
This comparison indicates that the Type II carbide defect structures evaluated, including
banded material, caused a small loss in stress-rupture strength, equivalent to not more
than 0.5 Larson-Miller parameter numbers. This result is in agreement with results for
test bars discussed in Section 2.5.3.2.

Additional stress-rupture tests of aligned fiber and carbide defect structures were performed
at 1400°F using material from test bars discussed in Section 2.5.3, Table 12, and from a
7/8 inch diameter bar (DS 1782) that was grown at 1/2 inch/hour. The test results are
given in Table 17 and the rupture life data are presented in Figure 37. As shown in the
figure, rupture life at 1400°F increased with increasing growth rate, suggesting that fiber
misalignment increased rupture strength at 1400°F. However, because other microstruc-
tural features possibly changed with increasing withdrawai rate, such as fiber size, fiber
spacing, degree of fiber misalignment, grain structure, and gamma-prime structure, the
reason for increasing rupture life at 1400°F with increasing withdrawal rate cannot be
assigned solely to fiber defect structures at this time. It is possible that the carbides do
not play a significant role at 1400°F. In other stress rupture tests at 1800°F, described
in Section 2.5.3, Figure 28, the opposite effect was observed: rupture life decreased with
increasing growth rate and fiber misalignment.

In both sets of tests, Tables 14 and 17, rupture ductility (% RA) decreased with increasing
solidification rate.

2.6.2.2 1200°F Tensile - To determine effects of Type II defect structures, tensile tests
were conducted in air at 1200°F, which approximates the maximum J101 LPT blade shank
temperature. NiTaC-13 for test included fibrous, cellular and dendritic cellular material
from bottom and top sections of 1-5/8 inch diameter bars described in Section 2.5.3, and
the dendritic-cellular bar DS 1765 described in the previous section. Also, to evaluate
the relative strength of carbide morphology transition zones which occur on both ends of

a band, specimens were also machined from two 1-1/2 inch diameter bars, DB22 and DB9Y.
Each contained 2 band in the bottom section at a gi value of about 0.24. Bar DB22 was
NiTaC-13 that had a cellular band, and two tensile specimens were machined to have the
band and the adjacent aligned fiber material within the gage section. Bar DB9 was made
from NiTaC-13F, an alloy modification that was developed in a separate GE program to
eliminate the sortout zone and is indicated to have properties equivalent to the parent
alloy, NiTaC-13 (Section 2.4.5). This bar had a dendritic-cellular band in an otherwise
aligned fiber microstructure, and two tensile specimens were machined in the same
manner described for DB22,

The 1200°F tensile data and microstructural classifications at the fracture surface are
given in Table 18. By inspection of the data in the table, it can be seen that the aligned
carbide fiber material had the highest ultimate tensile strength and tensile ductility. With
increasing degeneration of the fiber morphology to cellular and dendritic cellular, ultimate
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Figure 37. 1400°F Longitudinal Stress-Rupture Lives of Aligned and
Misaligned Fiber NiTaC-13 Bar Bottoms (gt~0. 27) Tested
in Air
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tensile strength and tensile ductility decreased. These effects are illustrated in Figure 38
which uses all data in Table 18 except results for DB-9B which was NiTaC-13F. The data
in Figure 38 also indicate that yield strength increased with increasing fiber misalignment.

The results in Table 18 for the samples with bands are in reasonably good agreement with
the bar results for equivalent microstructures. Microscopic analysis of longitudinal
sections of the samples after test showed that the fracture path in each of the four banded
samples was through the center of the band. The two transition zones in each sample were
obviously stronger than the material within the band, and were therfore not indicated to he
zones of weakness.

2,6.2.3 1200°F LCF - For this evaluation, a total of five rods were machined from three
microstructural types of NiTaC-13 bars. Rene' 77 shoulders were then inertia welded to
both ends of each rod and, finally, nc.ched (Kt = 2.0) bars were machined. Load controlled,
axial-axial LCF tests were conducted at 1200°F using an A ratio (alternating stress/mean
stress) of 0.95 and a loading frequency of 20 cycles per minute. A description of the
materials tested and the test data are summarized in Table 19. The data are also presented
graphically in Figure 39 and indicate that LCF strength was degraded somewhat with increas-
ing fiber misalignment.

2.6.2.4 1500°F HCF - For this evaluation, a total of five specimen blanks were machined
from the same three sections of bars as were used for the LCF specimens. Rene' 77
shoulders were also inertia welded to both ends of the NiTaC-13 blanks, after which smooth
LCF bars were machined. Three load controlled axial-axial tests were attempted at 1500°F
at an A ratio of 0.95 and a loading frequency of 1800 cycles per minute. The three tests
were unsuccessful because the specimens failed in the inertia welded joints. Therefore,

the minimum diameters in the gage sections of the two remaining specimens were reduced,
and two specimens were successfully tested by a step loading procedure to maximize
information gained from so few specimens. The data presented in Figure 40 suggest that
the cellular microstructure caused a slight reduction in 1500°F HCF strength.

2.6.2.5 1200°F HCF - To provide data for HCF life analysis of the blade shank region,
discussed later in Section 5.2.3, it was necessary to obtain 1200°F HCF data for dendritic
cellular NiTaC-13, representative of material present in all blade shanks. For this
evaluation, three unnotched specimens were machined from a dendritic cellular bar, M-39,
grown at 1/2 inch/hour using material from Heat V-423-C. These specimens were tested
at 1200°F in a bending mode at an A ratio of « with the following results:

Alternating N¢, Cycles

Stress, ksi to Failure
120 7,000
105 16,000
85 86,000

Comparison with corresponding data for aligned fiber material, presented in Section 3.2.6,
indicates that dendritic cellular NiTaC-13 has substantially lower HCF strength under the
test conditions used. (Figure 41).
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AXIAL-AXIAL LCF DATA FOR LONGITUDINAL SPECIMENS OF THREE

Bar *Micro- +Approx.
No. structure 9¢
6138 F 0.19
638 F 0.19
69B C 0.18

3 698 o 0.18
69T D-C 0.53
*F

+

o
3 Est. Alt.

TABLE 19

MICROSTRUCTURAL TYPES OF NiTaC-13
(Tests at 1200°F/K; = 2.0/A = 0.95/20 cpm)

Nf,
Cycles to
Failure

Alt. Net C°Est. Alt.
Section Pseudo
Stress, Stress,
Ksi Ksi

70 140

50 100

60 120

65 130

60 120

86

Aligned Fibers, C = Cells, D-C = Dendritic Cells

gt= Volume fraction solidified at center of gauge
(Based on metal volume above sort-out zone)

Pseudo Stress = K¢ x Alt. Net Section Stress

1,289
107,000
(Run Out)

7,882
1,463

1,738
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Figure 41, Effects of Carbide Defect Structure on 1200°F Longitudinal
HCF Strength
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6.2.6 Summary of Effects o1 Carbide Defect Structures on Longitudinal Propertics

e NiTaC-13 property data in the foregoing sections indicated that Type 1 carbide defect
crostructures, cells and dendritic cells, generally resulted in small decreases in strength
low aligned fiber material. Exceptions included 0.2 yield strength at 1200°F and stress
pture strength at 1400°F, where material with carbide defect structures were stronger.

e latter may be due to a relatively small contribution of fibers to the total composite

rength in this temperature range.

~ess rupture and tension tests showed that transition regions, where carbide morphology
anges from one form to another, are not regions of unusual weakness because banded
ecimens were never observed to fail in transition regions.

i the basis of these results, it was concluded that an inability to develop a fully aligned
1de casting would not seriously reduce the probability of meeting the overall program
als and objectives. It was further concluded that a long range goal for NiTaC eutectics
ould be to develop a process for producing blade castings having fully aligned airfoils
d dovetails: possibly the carbide defect microstructures could be tolerated in the

atform region.

7 BLADE CASTING DEVELOPMENT

he objective of this work was to develop a process, similar to the test bar process, for
isting J101 LPT blades having an aligned fiber microstructure throughout and as close to
nal dimensions as practicable. 'This work was performed by CRD and included studies of
agregation and carbide defect structures discussed in other sections, and the development
{ PFS equipment and process parameters for blade casting.

.7.1 Blade Casting Facilities

‘wo large Bridgman-type facilities were used in blade casting work: the first, designated
B, was used for early process development and; the second, designated DB, was a
10dification of LB that was built by General Electric and used exclusively for J101 LFT

lade casting.

Che LB facility consisted of two connected environmental chambers. The upper metal
:hamber housed the melt crucible where the charge was melted by direct inductive coupling
vhich promoted stirring and homogenization of the molten alloy. Power to the induction
0il was supplied by a 15 KW motor-generator set. The lower chamber consisted of a 9
nch diameter silica tube which contained a 2-1/2 inch inner diameter graphite susceptor
:hermally insulated from the silica tube by alumina beads. The susceptor was supported
oy an alumina ring which rested on six alumina rods. Below the susceptor was a movable
water cooled copper chill plate to which the mola and the screw type withdrawal mechanism
were attached. The susceptor was heated inductively by means of a 25 KW RF oscillator
(455 KHz) «nd a 9 inch diameter coil wound on the outside of the silica tube.
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The LB design was considered inadequate for process development work of this program
because: it was difficult to evacuate, making purging times very long (12 hours); the lack
of ports made instrumentation difficult, and; the RF coil was located far from the susceptor
making it both inefficient and difficult to focus the RF energy.

Therefore, the new DB facility was designed to incorporate the desired improvement. The
upper melting chamber was the same as in the LB. The lower unit, illustrated in Figure
42, was a stainless steel tank with four access ports for observation, instrumentation,
atmosphere and power feed through. Inside of the tank, a graphite susceptor was supported
on an alumina stand. Surrounding the susceptor was an alumina tube and the space between
the two was filled with bubbled alumina. The RF coil was positioned around the alumina
tube and within the thank., Both chambers could be rapidly evacuated to a pressure of 20
microns and back filled with high purity argon.

During initial trails of the DB facility, arcing occurred at two locations causing premature
termination of runs: at the RF coil feed through, and between the RF coil and the alumina
sleeve which served as the outer wall of the furnace. To solve the problem of arcing at the
lead through, a new entrance port was constructed which had a Re-X® ceramic insulator
for the hot lead, as illustrated in Figure 43.

The cause of arcing between the RF coil and the alumina sleeve was assigned to the high
electrical conductivity of alumina at elevated temperatures. During early tests, the 2alumina
sleeve reached temperatures in the range of 1500° to 1800°F, and arcing occurred in this
range. This problem was solved by a new furnace design and improved thermal insulation,
illustrated in Figure 44.

With this design the outer surface temperature of the furnace reached only about 400°F, and
the power requirements for casting were reduced by about 40 percent.

2.7.2 Preliminary Blade Casting Experiments

There were three questions concerning blade casting that needed initial attention:
® Blade casting oversize requirements
¢ Temperature capability of the GE mold
e Microstructural quality of prototype blade castings

Experiments described in the sections that follow were performed to answer these questions.

(R)iegistered trade mark of the General Electric Co.
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Figure 12, View of Lower Tank Containing Induction Heated Furnace
in DB Facility
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Figure 43, Schematic View of RF Power Feedthrough
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2.7.2.1 NiTaC-13 J101 LPT Blade Casting Design - To establish the oversize require-
ments, two blade casting designs were used to evaluate microstructural and dimensional
factors. The first design included the final size J101 LPT airfoil and a rectangular
parallelepiped for the platform/dovetail section. The second design also included the

final size J101 LPT airfoil, but had a close-to-size dovetail/platform section. Both designs
used dovetail and airfoil extensions to provide starter blocks for the sort-out zone, extra
molten metal for maintenance of Gy,, and reservoirs to reduce segregation. Wax patterns
for the first design were made in relatively crude silicone rubber molds, and those for the
second design were standard superalloy J101 LPT blade waxes to which were welded the
wax extensions.

Shell molds of silica bonded alumina developed prior to this program by General Electric(7)
were made to have thin cross sections with minimal changes in cross sectional area. The
advantages of these extended blade and mold designs were:

1) Thin mold cross sections promote high thermal gradients,

2) Minimal changes in cross sectional area reduce the problem of providing an
effective radiation baffle at the furnace bottom,

3) The relatively low volume fraction solidified when the blade is cast reduces
segregation, and

4) The airfoil extension provides the means to maintain a high gradient through PFS
of the blade casting.

PFS NiTaC-13 castings of both designs are shown in Figure 45. Tip-up castings of the
first design in Figure 45A had well aligned fibers throughout the airfoil and dovetail
sections, with the exception of one dendritic cellular band that occurred in the dovetail
section just below the platform. Microstructures of selected areas of this casting are
shown in Figure 46,

Tip~up castings of the second blade design, Figure 45B, also bad well aligned fibers
throughout the airfoil but bands were observed just below the platform as in the first
design, and in the regions of the dovetail tangs.

Blade castings were examined to determine the depth of surface layer flaws which is
important to the establishment of blade casting oversize requirements. The most common
type of flaw observed was a coarse dendritic carbide that appeared to be surface nucleated.
These penetrated to depths of about 0.02 inches in the dovetail section, and about 0.01 inch
in the lower section of the airfoil. Hence, from the standpoint of surface layer flaws, an
envelope of 20 mils around the blade was indicated to be adequate.

Other considerations important to establishment of the blade casting oversize regquirements
were mold distortion during PFS, and thermal expansions of both NiTaC-13 and the mold
material. Although these factors would not have a large unpredictable effect on the
dimensions of a given blade cross section, they could have a large effect on the spatial
location of sections and intensify problems in final machining to meet dimensional specifica~-
tions.




PARALLELEPIPED DOVETAIL SECTTON

B. CLOSE-TO-SIZE DOVETAIL SECTION

Figure 45, Extended Blade Casting Designs
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A final consideration was the platform/dovetail shape. In the blade casting experiments
just described, it was found that the cast close-to-size platform/dovetail contained more
bands than the rectangular parallelepiped design.

After evaluating the foregoing consideration and data, the final J101 LPT blade casting
design was selected and had the following major features:

1) The airfoil section was extended 1/2 inch and had a 0.040 inch envelope.

2) At the tip of the extended airfoil section, there was an enlarged airfoil-shape
extension, 3 inches long.

3) The platform/dovetail section was a rectangular parallelepiped with a 2-inch
extension. There was also a 0.040 inch envelope around this section.

Wax pattern tooling was procured and a pattern is illustrated in Figure 47. The volume of
this wax pattern was measured as a function of length by progressive immersion in water,
and the results are also shown in Figure 47. This information was used for modifying

the casting configuration to minimize segregation.

2.7.2.2 Temperature Limitations of Blade Mold - Three blade casting runs (LB76, LB80
and LB81) were made to provide information concerning the temperature limitations of the
GE silica bonded alumina mold system. One blade was grown tip up at about 3180°F

superheat temperature and two blades, one tip up and the other tip down, were grown at
about 3000°F, '

Microstructural examination of the 3180°F blade indicated that, although the dovetail/
platform and bottom one inch of the airfoil had fibers, the upper portion of the airioil
contained areas without fibers, indicating carbon depletion. Photomicrographs illustrating
the differences between the two regions are given in Figure 48. The fibers among the
denuded areas in Figure 48B were aligned, indicating that growth was not cellular but that
it was PFS growth from a carbon poor melt.

Carbon analysis data for the three blades are shown graphically in Figure 49 as a function
of gp, the volume fraction solidified. Also shown in Figure 49 are the locations of the
three blades with respect to gy, and the carbon profile from Figure 10 for Bar 1340 that
was PFS in recrystallized alumina at a maximum superheat temperature of about 2930°F.
Although there was appreciable scatter of the data points, the results indicated that blade
LB81 (3000°F) did not lose carbon, but that the other two blades may have.

Further evidence of mold-metal reaction of 3180°F and not at 3000°F is evident in photo-

micrographs of the mold-metal interface shown in Figure 50. At the 3180°F superheat
temperature much more metal penetration of the mold occurred than at 3000°F,
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Figure 48,

A, DOVETAIL SECTION

B, AIRFOIL, 1" ABOVE PLATFORM

Photomicrographs of Transverse Sections from NiTaC-13 Blade
Cast Tip up with Ty,y of 3180°F
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: A. TRANSVERSE SECTION, T,,x = 3180°F, 160X
B. LONGITUDINAL SECTION, T, = 3000°F, 315X
Figure 50. The Effect of Tysyx on the Appearance of the Mold/Metal
Interface
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On the basis of these results, it was concluded that the upper temperature limitation of the
mold system was between 3000° and 3180°F.

2.7.2.3 Formation of Dendritic Cellular Band in Blade Dovetail - Blades cast in the GE
silica bonded alumina molds had a rough surface, some surface layer pits penetrating up
to 0.012 inches, and a band in the dovetail section just below the platform. It was antici-
pated that the oversize blade casting design described in Section 2.7.2.1 would provide
sufficient stock for removal of the surface flaws. The band, however, was undesirable.

In order to study the mechanism of formation of the band, a PFS run was made using an
oversize airfoil design (similar to Figure 45A) to permit measurement of the liquid/solid
interface position during mold withdrawal at 1/4 inch/hour. The measurements were made
by probing the melt with a thin rod of high purity alumina and measuring the position of the
interface. These data were then used to calculate solidification rates and the results are
given in Figure 51. The following interpretation of the measured variations in solidification
rate provides a reasonable explanation of why the band was formed:

1) The initial solidification rate was less than 1/4 inch/hour because, as mold with-
drawal began, the furnace bottom insulation was heated by radiation from the mold.
This tended to lower the liquid/solid interface position wilh respect to the furnace
bottom.

2) As the solid-liquid interface approached the airfoil section, the smaller airfoil
area covld not provide a sufficiently high heat flux to maintain a high gradient at
the larger area of the dovetail section. Therefore, the gradient decreased and the
solid/liquid interface moved up relative to the furnace bottom, thus increasing the
solidification rate. This in turn reduced G1,/R below the minimum required for
fiber growth and formed a dendritic cellular band.

3) After the interface was in the airfeil region, sufficient heat was supplied to
maintain an adequate gradient and the interface again moved down with respect
to the furnace bottom. This decreased the solidification rate and, as the insulation
temperature reached steady state, the solidification rate approached the with-
drawal rate. During this period, G,/R increased and fiber growth resumed.

On the basis of this study, the plan formulated for producing a fully aligned blade casting
included:

1) Refining the furnace configuration and PFS parameters to maximize Gy,
2) Modifying the blade casting design and mold configuration

2.7.3 Blade Furnace Configuration Refinement

Initial work was aimed at establishing a furnace configuration and operating parameters

that would yield a Gy, of at least 300°F/inch which was slightly above the minimum value
for PFS of NiTaC-13 bars at 1/4 inch/hour. Higher values of Gy, were being sought as a
means to eliminate the dendritic cellular band in the platform/dovetail section of blade

castings. A major operating parameter investigated was Tm o
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The principal variables in furnace configurations evaluated were the designs of the RF coil,
the susceptor, and the furnace bottom insulation which also served as a radiation baffle.
Variations tried were as follows:

1) RF Coil Designs

e T inch diameter, 7 turns
e 9 inch diameter, 7 turns
Graphite Susceptor Designs - All susceptors were 2-1/2 inches ID x 3-1/2 inches

OD x 12 inches long. These were slotted to concentrate heat in the unslotted
regions. Slot configurations used were:

o Slotted from top to 4, 3 or 2 inches above bottom

e Slotted in middle leaving 2 inches unslotted at bottom and 1 inch unslotted a.
top

Hybrid Susceptor Designs - In these a center section of the susceptor was alumina
and the two end sections were graphite. Lengths of each section were varied as
follows:

Section Length, Inches

Susceptor Graphite Alumina Graphite
Design Bottom Center Top

1 3 8 1
2 4 4 4

4) Furnace Bottom Insulation/Radiation Shield - Many thickness ranging from 1/2 to
1-1/2 inches of several insulating materials, including Al9O3, ZrOg9 and Fiber-
frax, were used singly or in combination.

A total of 34 runs were initiated to evaluate the cited variables. Runs included 1-1/2 and
1-5/8 inch diameter bars using recrystallized alumina tubes (no bottoms) and J101 LPT
blades (tip up) using silica bonded alumina shell molds. Both tubes and molds were attached
to the bottom chill plate. The first 11 runs were bars and the NiTaC-13 charge was in-situ
melteda. Thereafter, all tubes and blade molds were heated empty and then filled with
molten metal. Power to the plate of the RF oscillator tube was used to regulate temperature
prior to the start of a run. After a minimum time of 15 minutes for temperature equilibra-
tion, the liquid metal temperature profile was measured to determine Gy,. This was done
through use of a probe consisting of a Pt/Pt-Rh or W/W-Re thermocouple with the bead
recessed into a double hole alumina insulation tube and protected by a plasma sprayed
alumina coating. For the measurements, the probe was lowered into the melt until it
touched the solid/liquid interface. Temperature was measured at the interface and in 0.1
inch steps above it for the first inch and in 1 inch steps thereafter.
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2.7.3.1 Temperature Gradient Prior to Start of Withdrawal - Details of the 17 completed
runs with all-graphite susceptors are presented in Table 20. Gy, and Ty, data for bars
and blades are compared in Figures 52 and 53, respectively, with the average curve
obtained previously for bar runs in the resistance heated facility, Figure 22, There was
more scatter in the induction furnace data than in the resistance furnace data, and the
trend of increasing G, with increasing Ty,5x was not as strong in the former, particularly
for the blade data. On the basis of a study of all data in Figures 52 and 53, the cause

of data scatter could not be assigned to any of the furnace configuration factors that were
evaluated. It is possible that variations in other unmeasured heat transfer factors were
major contributors to scatter, such as mold dimensions, RF coil location, or degree of
coupling of the casting to the bottom chill plate.

2.7.3.2 Effect of Withdrawal Distance on Temperature Gradi. nt - During hlade Runs DB33
and 34, temperzture profiles and solid/liquid interface positions were measured at increas-
ing mold withdrawal distances. Results for tip up Run DB34, given in Figure 54, were
typical of both runs and show Gy, and T, at various positions of the liquid/solid interface
in the blade during solidification. As shown, Gy, was about 310°F/inch when the interface
was below the platform in the dovetail section. Then, as withdrawal continued and the
interface moved into the airfoil section, there was a large increase in Gy, to a maximum of
about 560°F/inch. This was accompanied by a significant increase in Tp;ax from about
2980° to about 3035°F. Thereafter, both G1, and T, decreased continuously to values

of about 340°F/inch and 2825°F, respectively, in the airfoil top. Throughout this run the
position of the interface with respect to the furnace bottom remained relatively constant,
indicating that the solidification rate equaled with withdrawal rate.

The data in Figure 54 indicate thai Gy, in the dovetail/platform region was sufficiently high
to achieve aligned fibers at a withdrawal rate of 1/4 inch/hour. The fact that a cellular
band was almost always observed here in blade castings indicated the possibility that the
band was caused by solute dumping. The latter could be due to local rejection of solute
ahead of the liquid/solid interface because of the changes in blade area in this transition
region. Solute dumping, then could cause an increase in the critical Gp, ratio to a value
above the actual.

The decrease in Gy, and Ty, in the airfoil section, Figure 54, indicated that the power
control method used in the DB facility may not have been adequate and that direct control
of furnace temperature may be required.

2.7.3.3 Hybrid RF Susceptor Design - Susceptor design 1 described in Section 2.7.3 was
used in conjunction with a 7 inch diameter RF coil, having 3 turns around the bottom
graphite section and one tarn around the top graphite section., With this design there was
insufficient heat to reach the required maximum melt temperature.

Two tip up blade runs were successfully made with susceptor design 2 and a 7 inch diameter
RF coil, having 4 turns around the bottom graphite section and 2 turns around the top
graphite section. In both runs, DB38 and DB39, the power required to reach a maximum
metal temperature range of 2900° to 3000°F was about 15 percent greater than that for all-
graphite susceptors. During each run, G1, was measured at different mold withdrawal




TABLE 20

EXPERIMENTS TO REFINE FURNACE CONFIGURATION FOR BLADE CASTING

R-F
Unslotted Furnace Oscillator
Susceptor Bottom Plate Initial
*Mold R-F Coil, Length, Insulation Current GL*
Type  Diam/Turns  Inches Thickness, In. Amps °F /In,

1-1/2" 9"/7 4 1-1/2 1.00 345
Bar
1-1/2" 9"/1 4 1 1.00 270
Bar

1-5/8" 9"/1 1.10 315
Bar
1-5/8" 9"/1 1.10 455
Bar

15 1-5/8" 1"/1 3 510
Bar

18 Blade T7"/7 iy . 365
20 Blade 7/1 . 630**
21 Blade 17/1 C 220

22 1-5/8" 9"/17 E 465
Bar

23 Blade 9"/7 345
25 Blade 9"/7 = . 240

26 1-5/8" 9"/1 ; 280
Bar

29 Blade 17/7 ; 230
31 Blade T7"/7 8 245
32 Blade 17"/7 230
33 Blade 7"/1 : 395
34 Blade 7"/17 5 305

* All Blades Grown Tip-Up
** Measured in Airfoil
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positions. The data for DB39 are shown in Figure 55 and compared with data for blade run, p
DB34, made with an all-graphite susceptor. Although the Gy, levels in run DB39 were '
equivalent or higher than in run DB34 from the root to the airfoil midspan, thereafter Gy,
in DB39 fell to unacceptably low levels; hence, the all-graphite susceptor was selected for
future work.

2.7.3.4 RF Coil Location - To maximize G, and approach an idealized temperature profile
illustrated in Figure 56, it was essential to maximize the RF energy transferred to the base
of the susceptor. To determine the optimum coil location, the RF flux within a 7-turn,

7 inch diameter coil was measured as a function of axial position using an RF probe. The
data given schematically in Figure 57 show that the maximum RF field intensity was located
between turns 2 and 3 of the coil design evaluated. Therefore, maximum heat input to the
bottom of the susceptor should occur with the susceptor bottom located between turns 2 and
3 of the RF coil.

2.7.3.5 Selection of Best Blade Furnace Configuration - The furnace configuration selected
for additional process development work was as follows:

RF Coil - 7 inch diameter with 7 turrs positioned to have the bottom of the susceptor
between turns 2 and 3.

Susceptor - All graphite slotted from the top to 3 inches above the bottom

Furnace Bottom Insulation - 1/16 inch thick layer of alumina-silica fiber on top of 1/8
inch thick layer of ZrO2 board.

Through the use of the selected configuration and Tpax of about 3100°F, initial Gy, values
in excess of 300°F/inch were anticipated. However, all blade castings produced previously
under a wide variety of conditions had a dovetail band, indicating that elimination of the
band would require modifications to the casting design and/or mold configuration, because
a sufficiently high Gy, had not been achieved.

2.7.4 Blade Casting Configuration Studies

Measurements of G, as a function of interface position in tip up and tip down configurations
showed that the gradients achieved in both were sufficient to produce well aligned fiber {
airfoils at a withdrawal rate of 1/4 inch/hour, but were insufficient to produce aligned fiber e‘
dovetails. Gradient profiles for the two configurations are shown schematically in Figures ]
58 and 5¢. The low gradients measured in the root section were not due to an inability to
achieve high gradients in large cross sections. Instead they were due to the perturbations
in heat balance caused by the change in cross sectional areas at the airfoil-dovetail
transition. Referring to Figure 58 for tip up casting runs, the gradient dropped at the
dovetail-airfoil transition because the airfoil could not supply all the heat needed in the
dovetail for uniform interface velocity. Hence, the solid/liquid interface moved up into

the furnace, thereby increasing the solidification rate. This, in turn, reduced G1,/R

below the critical value and produced a misaligned fiber microstructure in the dovetail.

At the airfoil-extension transition, Figure 58, the opposite effect took place. The extension
provided heat at a higher rate than could be removed by the smaller cross-section airfoil.
Therefore the gradient decreased and the liquid/solid interface moved toward the furnace
bottom. Howcver, this reduced the solidification rate, C‘L/ R did not drop below the critical
value, and aligned fiber growth continued. A similar effect took place in the tip down
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configuration, Figure 59. In this case, the gradient decreased as the solid/liquid interface
moved through the airfoil and approached the dovetail section until Gy, fell below the
critical value required for aligncd fiber growth at 1/4 inch/hour. Thereafter, when the
interface was about one inch into the dovetail, Gi, increased to a value above the critical.
This reduction in gradient at the airfoil-root transition was due to a heat removal limitation
of the airfoil section.

For the airfoil section in both casting configuration, the general trend was for Gi, to decrease
as the liquid/solid interface moved through the airfcil. This decrease was assigned to the
lack of a tight fitting radiation baffle which permitted undesired radiative heating of the
solidified portion of the casting.

In an attempt to correct the problem of radiative heating of the solidified casting, a tip up
filled-in mold was tried in run DB40. The {illed-in mold had straight sides and the same
cross section as the dovetail section and, therefore, had a much thicker wall in the airfoil
section, The gradient profile measured during withdrawal, presented in Figure 60, shows
that Gy, in the airfoil was higher than those shown previously in Figure 55, but that it was
substantially lower in the dovetail section. This type of mold was therefore abandoned.

Four blade casting configurations, illustrated in Figure 61, were established for a final
attempt to solve the heat balance problem and produce fully aligned fiber blades. As
illustrated in Figure 61, the fins used in two configurations were planar extensions from
the platforms that were parallel to the airfoil, and were added to improve {he heat balance
at the airfoil-dovetail transition in both configurations.

Special attention was paid to the length of the starter section and top reservoir section of
each configuration in order to minimize ¢ in the blade section of the casting. The four
configurations and the estimated values of gy, were as follows:

b At Several Blade Positions

Dovetail Airfoil Airfoil
Configuration Base Root Tip

Tip Up .26 .42 .58

Tip Up + fins .24 .39 .62

Tip Down .41 .28 .15
Tip Down + fins .48 .38 .16

The above estimations indicated that the maximum gy would also be small in all configura-
tions. The tip down configurations were more desirable, however, because the maximum
gp was substantially lower than in the tip up configurations and the lowest g}, values were

in the airfoil. As shown previously (Figure 17), rupture str.rgsth decreases with increasing
gh and it was highly desirable to maximize rupture strength of the airfoil.
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Tor the casting trials, a water cooled side chill was added to the PFS furnace below the
radiation baffle to improve lateral heat withdrawal from the solidified casting, and a
stainless steel pull rod extension from the bottom chill plate was used to minimize heat
removal by the bottom chill. These modifications are illustrated in Figure 62.

Five rui's were made using the four configurations after which the castings were metallo-
graphicaliy evaluated with the following results:

Approx. .
Run Casting Initial Mionogtrictuse
No. Configuration T , °F Airfoil Dovetail
—— — il — max il
DB54 Tip down 2930 Fibers Cells
DB55 Tip up 2935 Fibers Cells
DB56 Tip down 3020 Fibers Fibers, Band at
Transition
DB58 Tip down + fins 3020 Fibers, Cells
1 Band
DB60 Tip up + fins 2985 Fibers, Fibers, Band at
2 Bands Transition

The best results were obtained with the tip down configuration, Run DB56. Although the
dovetail microstructure in the tip up with fins configuration of DB60 was essentially

equivalent to DB56, the presence of misaligned fiber bands in the airfoil made this configura-

tion much less desirable than the simple tip down.

At the conclusion of these studies, the casting results and available property data for
carbide defect structures were reviewed with Design personnel, A decision was made
that the simple tip down blade configuration was most desirable because the airfoil had
lowest gy, material and would have the highest rupture strength of the four configurations
tried. However, more property data were required of the banded dovetail material for a
final decision of the acceptability of the tip down blade casting for the program. It was
further decided to proceed with a trial run with the tip down blade to assess blade casting
reproducibility and properties.

2.7.5 Blade Trail Casting Run and Evaluation

Four blades (DB62, 64, 65, and 66) were cast tip down under conditions that duplicated
those used for blade DB56. All five of the blades were to be used in an evaluation of
microstructure and stress-rupture properties to determine reproducibility of the blade
process and equivalency of test bar and blade material. Because of the banded dovetail,

it also became necessary to evaluate tensile, HCF and LCF properties of the blade casting
to determine acceptability of the casting for the program.
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Prior to completion of this evaluation, it was decided to begin production of blade casting
with the DB56 blade process because the maximum production rate was only 3 blades per
week and an early start was necessary to maintain the program schedule.

2.7.5.1 Microstructure - Metallographic evaluation showed that airfoils of the five blades
(including DB56) were completely aligned and band free. In contrast, all dovetails starting
at the platform had an approximately 0.4 inch length cuntaining numerous bands of cellular
and dendritic cellular material. Typical blade microstructures are illustrated in Figure 63.

X-ray radiographs of airfoils generally showed indications of line defects, illustrated in
Figure 64, that were originally interpreted as evidence of bands. However, microscopic
examination of longitudinal cross-sections inthe ragions of X-ray indications almost
always showed an absence of misaligned fiber bands. It was, therefore, considered
possible that the X-ray indications were caused by minor changes in carbide fiber size
and spacing or by chemistry variations due to solute dumping.

To study this problem further, microprobe traces were taken through an X-ray line
indication region of blade DB62. Elements analyzed for included Ni, Co, Cr, Al, W, Re,
V and Ta. The only observable difference was in the Ta analysis which showed a relative
increase of 20 percent at the X-ray line indication over the adjacent material. This result
indicated the possibility that the number and/or size of carbide fibers was somewhat higher
in the region of the X-ray line indication.

Fiber population densities were measured in 12 transverse airfoil sections of blade casting
DB62, and the mean value for the 12 sections was 22.4 x 103 fibers/mm2. Fiber population
densities had also been determined for bars and blades cast during process development,
yielding the results shown in Table 21.
TABLE 21
FIBER POPULATION DENSITIES IN NiTaC-13 BARS AND BLADES

GROWN AT 1/4 INCH PER HOUR

Ident. Fibers/mm2 X 10'3

No. Bottom Middle M)

TEST BARS

64 22.8 19.1 15.8
70 25.1 23.6 18.4
73 24.5 19,3 17.4
BLADES

1L.B-82 Cells 17.3 18.1
LB-86 23.6 17.5 17.3
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Figure 64, Typical X Ray Radiographs of PFS NiTaC-13 Blade Castings
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The earlier results in Table 21 indicated population densities slightly lower in blades than
in bars. The result for the airfoil of DB62, when compared with equivalent g, material
from bars (bottom and middle), was in good agreement and it was concluded that blade
airfoils and test bars were equivalent in this microstructural factor.

2.7.5.2 Longitudinal Properties - This evaluation included material from blades of the
trial casting run and blades cast in earlier stages of the development.

Stress-Rupture - Material for test specimens were sectioned from airfoil, platform, and ]
dovetail locations in five blade castings. Table 22 shows details of the specimens, stress- :
rupture test conditions, and results. Comparative data for bars at equal gy, values are

also given.

From inspection of the Larson-Miller parameter numbers in Table 22, it can be seen that
material from blades, including carbide defect structures, had stress-rupture strengths
equivalenl to aligned fiber test bar material. Figure 85 compares the aligned {fiber resalls
for material from blades with the average curve for bottom material (g, = 0.27) from test
Iirs fo b dispussdd in Section 3.202.  Thire was gosd igrcement betwecn the o gels

of data with the exception of the 2000°F airfoil test results which was low by about one
parameter number. This point, however, was in close agreement with the result of a test
bar sample tested under similar conditions (specimen 3B54-B5 in Table A-2 of Appendix
A).

By comparing the reduction in area data in Table 22, it can be seen that the rupture
ductility of blades and bars were about equivalent.

On the basis of these test results it was concluded that stress rupture properties of blades ]
and test bars were equivalent. '

Tensile - Two specimens were machined from the dovetail of blade casting DB47, which had
a completely dendritic cellular microstructure and was considered a worst case. Results
of 1200°F tension tests in air for the two specimens are compared with average results for
aligned fiber material as follows:

Bar 0.2% Yield Ult. Tensile % %
No. Strength, ksi Strength, ksi Elongation RA
DB47 142 165 2.4 6.3 ]
DB47 145 164 2.4 5.7
Avg. Aligned
Fiber Bar 120 175 17.5 16.5
Results
124
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Figure 65. Longitudinal Stress-Rupture Strength of Aligned Fiber NiTaC-13
Specimens Machined from Blade and Test Bar Castings
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This comparison showed the same trends, as was observed with test bar material, Tasle 18
of Section 2.6.2.2. The carbide defect structure had higher yield strength, but lower
ultimate tensile strength and tensile ductility.

Fatigue - Two properties of importance to the dovetail are LCF and HCF. Tests were run
using material from blade casting DB68 to evaluate the effect of the carbide defect structure
in the dovetail on these properties, and also to determine if the microstructural transition
zones (fibers to cells to fibers) were zones of unusual weakness.

Figure 66 shows the cut-up plan for blade DB68. Specimens 1, 3, 5 and 6 had aligned fiber
gage sections. In contrast, the gage sections of specimens 2, 4, 7 and 8 contained aligned
fibers, the transition zone, and dendritic cells.

Load amplitude controlled LCF tests of smooth bar specimens were performed in air at
1200°F and an A ratio (alternating stress/mean stress) of 0.95. After the completion of
each test, longitudinal sections of the specimens were examined metallographically to
determine the microstructure at the fracture surface. The test results are presented in
Table 23 and in Figure 67. Also shown in the figure are:

e One half of the 1200°F ultimate tensile strength of aligned fiber NiTaC-13 which
defines the upper limit of LCF strength, and

e The estimated LCF strength of the conventional superalloy for the J1C1 LPT
blade.

The results in Figure 67 show that LCF strength of aligned fiber material is higher and
that of dendritic cellular material is lower than the J101 superalloy. These results are
discussed in more detail in Section 4.2.4, where it is shown that the dendritic cellular
dovetail easily met the blade design acczeptability criterion for LCF life.

Microscopic examination showed that both blade dovetail samples failed in the dendritic
cellular material, about 1/4 inch from the fiber to dendritic cellular transitiou zone.
Therefore, it was concluded that the transition region is stronger than dendritic cellular
material and is not abnormally weak.

HCF tests of smooth bar specimens from blade DB68 were performed at 1500°F and an A
ratio of 0.95. After test, longitudinal sections of the samples were examined metallogra-
phically to determine the microstructure at the fracture surface. The results are presented
in Table 24 and also in Figure 68 where they are compared with test bar data from Section
2.6.2.4, Figure 40. Also included in Figure 68 is the estimated HCF strength of the J101
blade superalloy. The results in Figure 68 indicated that carbide defect structures tend
to decrease 1500°HCF strength somewhat, but all microstructural types of NiTaC-13
evaluated (fibers, cells and dendritic cells) exceeded the HCF strength of the J101 super-
alloy. With the exception of one data point, the bar and blade data were in good agreement
and showed a trend of decreasing HCF strength with increasing fiber misalignment. The
result for the aligned fiber, blade airfoil sample No. 1 fell well below corresponding bar
data. In addition, at equal stresses sample No. 1 had a much lower life than the blade
dovetail specimen No. 7. Microstructural analysis of specimen No. 7 showed that both
the aligned fiber region and the transition zone present in the gage section were stronger
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TABLE 23

RESULTS OF LOAD AMPLITUDE CONTROLLED 1200°F LCF TESTS
OF LONGITUDINAL NiTaC-13 SPECIMENS MACHINED FROM BLADE DB 68

o (A= 0.95 K, = 1.0 I = 20 cpm)
Specimen *Specimen Alternating Cycles To Microstructure At
No. Origin Stress, ksi Failure x 10°° Fracture Surface
2 D/A 90 Failed on Load- Dendritic-cells
(Planned) ing to 157 ksi i

4 D/A 68 77 .47 Dendritic-cells

5 A 80 64.69 Fibers Throughout

(Test Stopped Gage

Before Failure)

6 A 75 85.39 -
(Loaded to 90 ksi)

e s e S A

90 0.37 Fibers

Dovetail-Airfoil Section of Blade
Airfoil Section of Blade

*D/A

>
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TABLE 24

RESULTS OF 1500°F HCF TESTS OF LONGITUDINAL NiTaC-13 SPECIMENS
MACHINED FROM BARS AND BLADE DB-68<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>